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1 
1 Introduction and motivation of the studies 
Supramolecular chemistry is a young discipline, which investigates (supra)molecular 
phenomena between the traditional fields of chemistry (organic, inorganic, and physical 
chemistry). As a matter of course it is strongly influenced by other sciences like biology 
biochemistry physics and material sciences.  
Supramolecular chemistry is one of the actively pursued areas of research in chemistry. 
The concepts and the term of “supramolecular chemistry” were introduced in 1978 by 
Lehn [1] and it was defined in words, “just as there is a field of molecular chemistry 
based on the covalent bond, there is a field of supramolecular chemistry, the chemistry of 
molecular assemblies and of the intermolecular bond”. It is often defined as “the 
chemistry of the noncovalent bond” [2-4]. This means that not only an isolated molecule 
(either as a single species or as bulk material) but also the assembly of at least two 
molecules is studied [5-7]. Molecular recognition between the molecular building blocks 
is important to enable an effective aggregation by noncovalent interactions. The 
reversible self-assembly processes [8] leads to stable and well-defined supramolecular 
species. Aggregation of the components might result in new properties, which are 
expressed in a supramolecular function [4, 9]. By the use of this principle to construct 
large ensembles of molecules, supramolecular chemistry bridges the gap between the 
picometer dimensions of molecules and the nanoworld. Therefore, the understanding of 
its fundamental basics is crucial for a successful chemical “bottom–up” approach toward 
nanotechnology [10]. 
Essential biological processes, e.g., reproduction, signal transduction, biocatalysis, 
information storage, and processing, are all based on supramolecular interactions between 
molecular components. Enzymes, viruses, membranes, and many other complicated 
structures with biologically relevant functions are mainly built up by simple self-
assembly processes [11, 12]. The processes can be mimicked in small artificial 
supramolecular derivatives. Recently, major chemistry research activities are devoted to 
the development of chemical tools for the self-assembly of structurally rich 
supramolecular arrays [13-17]. Several strategies, such as the mutual complementary 
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approach (based on hydrogen bonded assemblies), directional bonding, weak-link have 
been designed to fabricate self-assembled architectures using bio-inspired noncovalent 
interactions, such as hydrogen bonds, π-π stacking, donor-acceptor interactions, and 
metal coordination chemistry. As a result, supramolecular chemistry was able to produce 
spectacular architectures possessing various functionalities. Over the past several 
decades, the self-assembly process has motivated countless chemists, physicists, and 
engineers to construct self-assembling systems at scales from the molecular to the 
macroscopic. This effort has met with considerable success. In molecular sciences, self-
assembly provides the basis for crystallization of organic [18, 19] and inorganic [20, 21] 
molecules and is at the heart of supramolecular chemistry, where the “instructions” of 
how to assemble larger entities are “coded” in the structural motifs of individual 
molecules. In nanotechnology, self-assembly underlies various types of molecular 
structures (e.g., Langmuir-Blodgett films [22], self-assembled monolayers [23-25], 
amphiphilic fibers [26, 27] as well as higher-order architectures built from nanoparticles 
[28-31], nanotubes [32], or nanorods [33]. At the microscale, there are currently self-
assembling fluidic machines [34] and micromixers [35], complex microparticles building 
themselves from prepolymer patches [36], and artificial opals comprising millions of 
colloidal particles [37, 38]. Some of the macroscopic manifestations of self-assembly 
include 2D and 3D structures driven by capillary forces [39, 40], self-assembling 
electronic circuits [41, 42], and unusual crystals of charged components [43, 44]. Some 
of the self-assembly strategies are already finding industrial applications. For example, 
Alien Technologies has developed fluidic self-assembly methods to fabricate radio-
frequency identification (RFID) tags, by using shape recognition and fluid transport on 
the microscale [45, 46]. Nanogen employs electric-field mediated self-assembly to bring 
together DNA nanocomponents for electronic and diagnostic devices [47]. IBM, too, has 
recently harnessed the power of self-assembly to create trillions of nanometre-sized holes 
across the length of a 300 millimetre computer chip, thus creating new insulators that 
increase the speed (by 35%) and efficiency (by 15%) of electrical signal transmission 
[48]. 
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In many of the above examples, self-assembly capitalizes on the fact that with the current 
state of chemistry/material science it is often easier to fine tune the interparticle forces 
that bring small components together than to manipulate or modify these components by 
optical tweezers [49], atomic traps [50], or other high-end techniques. Of course, this is 
not always the case, and “programming” the correct interactions into self-assembling 
molecules or particles is often based on intuition rather than predictive formulas. 
Consequently, identification of reverse-engineering strategies that would identify the 
necessary interactions required for a specific mode of self-assembly is one of the holy 
grails of self-assembly research. 
Three general factors determine the self-assembly of metallosupramolecular 
architectures. First, the process according to the principle of maximum occupation of 
binding sites for control of the desired end product. Secondly, the internal orientation 
factors such as steric effects that prevent formation of undesirable Products. Additional 
stabilizing interactions, such as electrostatic interactions, hydrogen bonds, van der Waals 
or π interactions, are favoring the formation of a stable product. Third, ensure external 
factors such as the additional coordination of solvent molecules, counter ions or other 
ligands, for fine-tuning of the building process. Through directional coordinative 
bonding, two- and three-dimensional self-assemblies are readily available by the 
spontaneous combination of electron-deficient metal centers with appropriate organic 
electron-donor ligands, such as Lewis bases (Figure 1) [51].  
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Figure 1. Formation of different architectures of supramolecular coordination compounds from 
neutral organic ligands and metal salts: a) rings, b) grids, c) helicates and d) linear coordination 
polymers. 
 
The ligands influence the complex architecture and their properties in different ways and 
a prediction is difficult in many cases. The properties of the metal ions and the external 
conditions also play an important role besides the nature, the number and the arrangement 
of the donor atoms. Thus, a frequent objective of metallo-supramolecular chemistry has 
been the design of ligands which can be directed, with the aid of a suitable metal ion, to 
form pre-determined new architectures [52]. For the construction of supramolecular 
structures on the basis of specific metal-ligand interactions, three different synthetic 
strategies have been proved successfully: the “directional-bonding approach”, the “weak-
bonding approach” and the “symmetry-interaction approach” [13]. So by carefully 
selecting the organic ligand and metal ion, one also aims to tune the physical properties 
and, thus, realize various applications, such as those mentioned above. Generally, 
nitrogen- and oxygen-donor ligands feature prominently in the construction of a range of 
functional supramolecules [53]. Supramolecular chemistry is equilibrium-controlled, and 
thus dynamically generates the most thermodynamically stable molecular assembly. 
Since supramolecular chemistry have a set of parameters that can be tuned according to 
the desired product, the chemist can play the part of an engineer in judiciously designing 
the construction of a molecular architecture by considering the structural features of the 
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building blocks of the superstructure, as well as the ideal combination of conditions that 
will most efficiently form the desired product. 
In view of these developments, the aim of the present thesis is to rationally design 
multifunctional N-donor ligands and study their properties. Three distinct parts are 
presented. 
The focus of the first part is directed on the synthesis and characterization of Schiff base 
ligands with pyridine groups as additional coordinative functions groups and their use for 
the self-assembly of supramolecular architectures. Pyridylimine compounds are classical 
neutral ligands for transition metal ions. So the main goal is to study the reactivity of the 
synthesized structurally analogous bis-pyridylimine ligands shown in Figure 2 towards 
d-block metal ions like Mn(II), Fe(II), Ni(II), Cu(II), Ag(I) and Hg(II). These ligands 
differ from each other in the linking element (–CH2–, –O–, –S–, –NH–, –C6H10–) present 
between the two bidentate chelating subunits. Besides the characterization of the new 
molecules a topic of the investigations is the structural analysis of isolated crystalline 
compounds. Another point of view consists in the test of the reactivity of relevant 
complexes towards DNA or cells. 
 
 
 
 
Figure 2. Structures of bis-pyridylimine ligands. 
 
In nuclear waste treatment and extraction processes there is a need for improved ligands 
for U(VI) and other actinides binding with pronounced selectivity in comparison to 
lanthanides. The introduction of soft heteroatoms, as imine nitrogen, in the ligand system 
could be used as a tool for more selective and effective binding and extraction. Therefore 
the combination of the hydroxy group with the imine function and the use of different 
spacer units in one molecule should lead to interesting candidates with optimum 
X
N N
N N
X = CH2, O, S, NH, C6H10 
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coordination of uranyl ions. This second part is focused on the synthesis and 
characterization of bis(2-hydroxyaryl) imine ligands (Figure 3) as well as their U(VI) 
complexes. It is also an intention of this part to discuss not only the structure of these 
complexes but also their extraction ability towards Eu(III) and U(VI). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Structures of bis(2-hydroxyaryl) imine ligands. 
 
In the third part of the thesis tripodal amine and imine ligands as well as platform 
controlled multifunctional ligands with additional OH or pyridine functions are discussed 
(Figure 4 and 5). The main topics are related to their synthesis, characterization, metal 
complexation [Nd(III), Eu(III), Yb(III) and U(VI)] and extraction as well as structural 
aspects of these ligands systems. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Structures of tripodal amine ligands. 
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Figure 5. Multifunctional platform controlled ligand systems. 
 
In general the motivation of the studies presented is especially directed to a better 
understanding of selected factors of influence on supramolecular self-assembly processes 
of mixed donors ligand systems and their use for selective metal ion binding and 
extraction.  
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2 The bis-pyridylimine ligand approach 
The reversible condensation between amino and carbonyl groups to form imine bonds is 
one of the most fundamental and ubiquitous reactions in chemistry [54, 55].  
The rapid development of these ligands resulted in an enhanced research activity in the 
field of coordination chemistry leading to very interesting conclusions. Schiff bases form 
stable complexes with a range of transition metal ions with very interesting properties. 
Many biologically important Schiff bases and their complexes have been reported in the 
literature possessing antibacterial [56-58], antifungal [59, 60], antimicrobial [61, 62], 
anticonvulsant [63], anti HIV [64], anti inflammatory [65], and antitumor [66-69] 
activities. So the background about the supramolecular coordination chemistry of 
N-pyridylimine-Donor ligands will certainly help for better understanding the chemistry 
behind their complex formation. 
The starting point of supramolecular coordination chemistry of transition metal ions is the 
typical coordinative interaction with appropriate ligands. Also additional weak non-
covalent interactions such as electrostatic, van der Walls, π interactions and hydrogen 
bonding play an important role in the structure building process [21, 70-73]. In the 
following significant interactions and their role in the construction of supramolecular 
coordination compounds using the ligands types of this thesis will be discussed in detail. 
Pyridylimine ligands are interesting building blocks in supramolecular chemistry. 
Pyridine and imine nitrogen atoms act as a soft σ-bases (donor) and form many different 
structures with metal ions. Such complexes are often stabilized by an additional back-
donation from d–Orbitals of the metal center to empty π*–Orbitals of pyridine. 
The popularity of supramolecular interaction of metal ions with azaligands is not only 
due to structure diversity but also to their interesting physical-chemical properties, for 
example, in view of possible applications in medicine [74, 75] or materials with special 
electronic and magnetic properties [76, 77].  
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The self-assembly of AgClO4 with two highly conjugated Schiff bases I and II leads to 
the formation of one zigzag polymeric network {[Ag2(I)2](ClO4)2(CH3CN)}n and one 
discrete rectangular compound [Ag2(II)2](ClO4)2 (Figure 6) [78]. The spacers in the 
conjugated Schiff-base ligands and the π–π interactions are important determinants of the 
architectures of the final products. Interestingly, the 1D zigzag Ag(I)-containing 
coordination polymer form with I is not stable in solution. The degradation and 
reorganization of the compound occurs to form a [2 × 2] grid architecture (Figure 7). 
These Ag(I) Schiff base compounds exhibit unusual luminescence at room temperature 
that is significantly red-shifted compared to other reported Ag(I) polymers, indicating 
that such electronic excited-state properties can be moified by the combination of 
electron-rich Ag metal centers and highly conjugated Schiff bases. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Local coordination environment of Ag(I) complexes formed with I and II: a) 
[Ag2(I)2]n, b) [Ag2(II)2]2+. 
 
I 
N NN N
NN N N
II
a) 
b) 
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Figure 7. [2 × 2] grid-type structure of {[Ag2(I)2](ClO4)2(CH3CN)}n in solution. 
 
The Silver complex formation with L2 was studied by Stoeckli-Evans et al. and Cheng et 
al. This ligand forms an ionic complex [AgL2]+ with Ag(CF3SO3) consisting of a one-
dimensional zigzag coordination polymer {[Ag(L2)]CF3SO3·0.4H2}n [79]. On changing 
the CF3SO3⎯ anion to BF4⎯ the molecular box [Ag2(L2)2]2+ is formed in methanolic 
solution [80].  
 
 
 
 
 
 
 
There is a large variety of coordination compounds whose molecular structure may be 
loosely described as helical. Pseudotetrahedral complexes possessing two unsymmetrical 
bidentate AB-type ligands coordinated to a central metal ion [M(AB)2] (Figure 8a) or 
pseudooctahedral complexes [M(AB)3] or [M(AA)3] (Figure 8b) correspond to helical 
complexes since the absolute configuration of the metal ion produces right-handed (Δ = 
P) or left-handed (Λ = M) helicity along their principal C2 or C3 axes [81]. 
N N
N N
O
N N
N N
S
N N
N N
L1 L2 
L3 
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Figure 8. Absolute configurations of (a) bis-chelate complexes viewed down the C2 axis and (b) 
tris-chelate complexes viewed down the C3 axis. Δ corresponds to a right-handed helix (symbol P 
according to Cahn-Ingold- Prelog notation), [82] and Λ to a left-handed helix (M) along the 
principal axis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Representation of a) Head-to-head (HH) and Head-to-tail (HT) helicates b) saturated 
and unsaturated helicates and c) cyclophane (box) and helicate conformations. X is additional 
ligand [83]. 
a) 
b) 
c) 
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Reaction of L1 with copper(I) and silver(I) gives dinuclear double-stranded helicates [84] 
or a molecular box [85]. The two metal binding sites are sterically prevented from 
coordinating to the same metal centre because of the phenylenes in the spacer unit while 
the central methylene unit introduces sufficient flexibility into the ligand to allow helicate 
formation. The dimeric complexes formed between ligand L1 and tetrahedral metal ions 
exist in two possible conformations, the cyclophane (box) and helicate (Figure 9c).  
The complex [Ag2(III)2]2+ also adopts two conformations in solution. In the solid state a 
helix is observed with the face-edge π-stacking interactions between the strands creating 
a major and minor groove in the double-helical array [86]. Using the imine technology, it 
was demonstrated that it is possible to impose directionality in a helical array [87] by 
introducing an asymmetric spacer into the ligand (IV). Two conformations shown in 
Figure 9 are possible for complexes of ligand IV (HH and HT); however, only a double-
helicate of HT configuration is obtained when tetrahedral metals are used. 
 
 
 
 
 
 
 
 
 
 
Ligands V and VI were synthesized by Ziessel et al. [88] Both ligands lead to helical 
complexes [Cu2(V)2]2+ and [Cu2(VI)2]2+ when reacted with Cu(I) ions. In both helicates 
each Cu(I) ion is coordinated to four nitrogen atoms of two pyridylimine units from two 
ligand strands.  
N
N
N
N
F
F
N
N
N
N
F
F
VI 
N N
N N
N
N
N
N
III IV 
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Oligopyridine ligands with imine bridging units (VII and VIII) have been synthesized by 
Lehn et al. The rigid double bond does not prevent helicate formation when the ligands 
are treated with metal ions of tetrahedral coordination geometry and coordination occurs 
through the pyridine nitrogen atoms only [89]. Competition experiments with a mixture 
of the two ligands demonstrated that self-recognition occurs; each ligand self-assembles 
into a helicate with an identical ligand, resulting in homostranded helicates. 
 
 
 
 
 
 
 
Ligand L1 has already been shown to form double helicates with Cu(I) and Ag(I). This 
ligand and his analogues L2 and L3 also self-assemble into dinuclear triple helical 
architectures with Fe(II), Co(II), Ni(II) Cu(II) and Ru(II) (Figure 10) [80, 84, 85, 90, 91]. 
Spectroscopic studies reveal that the tetracationic complexes bind to the major groove of 
DNA (Figure 11) [92-93] causing the DNA to wrap up in an intramolecular fashion (vide 
infra) [92, 94]. The two enantiomers of these triple helicates can be separated by paper 
chromatography and the DNA binding of each enantiomer is distinct [93-96]. The 
binding process shows chiral discrimination, with the M enantiomer bound strongly than 
the P enantiomer. The ability of [Fe2(L1)3]4+  to “wrap up” DNA in an intramolecular 
fashion is unprecedented for traditional small molecule DNA condensation agents and 
reminiscent of protein recognition of DNA. The helicates represent chiral supramolecular 
cylinders of similar size to natural protein cylindrical DNA recognition units such as zinc 
fingers, and this may provide a rich seam for application of helicate technology. As a 
consequence Fe(II) and Ru(II) triple-helical complexes of L1 were proved to exhibit 
activities against cancer cell lines [90, 97] and this may represent a significant step 
N N
N
N N
N N
N N
NN NN
VII
VIII 
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toward therapeutic advancement compared to traditional agents such as cisplatin which 
induce cell death through covalent modification to DNA and genotoxicity. 
 
 
 
 
 
 
 
 
 
Figure 10. a) Comparison of the triple-stranded cylindrical cations [Fe2(L3)3]4+ (green) and 
[Fe2(L1)3]4+ (red). b) Structure of [Ru2(L1)3]4+ cation. 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Representation of [Fe2(L1)3]4+ binding to major groove of DNA. 
a) b)
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N N N N
Silver(I) coordination chemistry of ligand IX which contains a 1,5-naphthalene spacer, 
has been investigated. Isotactic, helical and syndiotactic, achiral coordination polymers 
are formed with a range of different anions with the isotactic polymers displaying long-
range ordering of the metal centres [98]. 
 
 
   
 
 
 
 
 
 
Copper(I) chemistry with the pyridine–azine ligand X has been investigated and an X-ray 
structure obtained. The structure reveals a trinuclear circular helicate (Figure 12) whilst 
solution data support the existence of an equilibrium mixture of species with a dimer and 
trimer being dominant [99].  
 
 
 
 
 
 
 
Figure 12. X-ray crystal structure of trinuclear circular helicate [Cu3(X)3]3+. 
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Pyridyl-imine ligand XI forms a “bowed” (arcshaped) helicate when reacted with Cu(I) 
ions [100]. The crystal structure reveals that in the solid state the arc-shaped helicates 
aggregate to form a cyclic array of four metallo-supramolecular units held together by π–
π interactions (Figure 13). The diameter of the circular aggregate is approximately 2.5 nm 
and four BF4⎯ counteranions are located in the internal cavity. The chirality of each 
helicate alternates around the circle so that the overall structure is achiral. The nanoscale 
structure, nevertheless, bears a striking resemblance to the circular helical arrays but it is 
achieved without the need for extensive covalent ligand synthesis.  
 
 
 
 
 
 
 
 
 
 
Figure 13. Crystal structure showing the cyclic aggregation of [Cu2(XI)2]3+. 
 
 
Aggregation of circular helicates to 3D arrangements has also been described. Ligand 
XII has been reacted with copper(I) and an X-ray crystal structure was determined [101]. 
The solid state structure reveals a chiral helical trimer [Cu3(XII)3]3+ with each copper(I) 
centre occupying a four coordinate pseudo-tetrahedral environment bound to two 
pyridylimine units from two different ligands. The side view of this triangle reveals that 
the triangle is not planar but instead slightly bent over towards one face to provide a 
bowl-shaped motif (Figure 14a). This bowlshaped distortion arises to accommodate the 
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CH–π interactions and is a consequence of the desirability of the methyl groups forming 
CH–π interactions coupled with the constraints of the ligand connectivity. Three pyridyl 
rings (one from each ligand) point up towards the cavity of the bowl and are arranged like 
the blades of a propeller. Four of the bowl-shaped triangles aggregate together to form a 
nanoscale tetrahedral ball-shaped structure (Figure 14b) with three pyridyl rings from 
each triangle pointing into the cavity of the tetrahedron. 
                           
                          a) 
 
 
 
 
                          b) 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. Crystal structure of [Cu3(XII)3]3+ cation: a) side view, b) tetrahedral array resulting 
from aggregation of four trimers. 
 
Ligand XIII reacts with [Cu(OAc)2]·H2O or [Ni(OAc)2] to form the trinuclear circular 
helicates [Cu3(XIII)3(OAc)3][PF6]3 and [Ni3(XIII)3(OAc)3][PF6]3 respectively. In the 
structurally characterised copper(II) trimeric circular helicate, the copper(II) centre 
adopts a square-based pyramidal geometry and consequently the structure of the trimer is 
not markedly different from that of the trimer formed with octahedral nickel(II) (Figure 
15). However, in solution copper(II) and nickel(II) are significantly different, with a 
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substantial dimer component for copper(II), whereas trimers are dominant for nickel(II) 
[102]. 
 
 
 
 
 
 
 
 
 
 
 
 
                         
                                       a)                                                                     b) 
 
Figure 15. a) The structure of the trinuclear circular-helical cation in the complex 
[Cu3(XIII)3(OAc)3][PF6]3. b) Overlay of the structures of the trinuclear circular-helical cations in 
the complexes [Cu3(XIII)3(OAc)3][PF6]3 (green) and [Ni3(XIII)3(OAc)3][PF6]3 (red). 
 
2.1 Synthesis and structure of bis-pyridylimine ligands 
2.1.1 Ligand syntheses 
The ligands L1–L5 were synthesized according to the previously reported procedure [84, 
103] by condensation of appropriate diamine compounds and 2–pyridinecarboxaldehyde 
in methanol or acetonitrile. Suitable single X-ray quality crystals of L1, L4 and L5 grow 
with slow evaporation of their acetonitrile solutions at 4 °C. 
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2.1.2 Structures of selected ligands 
2.1.2.1 Structure of bis[4-(2-pyridylmethyleneimino)phenyl]methane (L1) 
Ligand L1 possesses twofold symmetry, with the twofold axis running through the central 
CH2 linking element existing between the two bidentate chelating subunits, and exhibits 
an imine E configuration (Figure 16). The conformations of the two halves of the 
molecule do not differ too much. The both moieties, involving pyridine ring N1/C2–C6 
and phenylene ring C9–C14, are almost flat with a dihedral angle of 15.12(8)° between 
the rings. The pyridine–imine system is almost planar within the two moieties.  
 
N N
N N
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N N
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Figure 16. Molecular structure of L1 showing the numbering scheme and displacement ellipsoids 
at the 50% probability level. 
 
The torsion angles N1–C6–C7–N8 and C6–C7–N8–C9 are 176.8(2)° and 178.4(1)°, 
respectively. This is consistent with the presence of a π-conjugated system, only 
interrupted by the central CH2 linking element, although bond-length alternation is 
always observed [the C7-N8 bond distance of 1.269(2) Å is indicative of double-bond 
character]. These characteristics are in agreement with similar structures [79, 104, 105]. 
The angle C12–C15–C12 (110.6°) is a bit smaller than the angle C–O–C (119.39°) 
observed in reported analogous ligand [79]. The crystal packing (Figure 17) does not 
involve any weak interactions compared to its analogue with O as a central linking 
element [79].  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17. The crystal packing of L1 along the b axis. 
a 
c
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2.1.2.2 Structure of bis[4-(2-pyridylmethyleneimino)phenyl]amine (L4) 
Ligand L4 possesses pseudo-twofold symmetry, with the twofold axis running through 
the central NH linking element existing between the two bidentate chelating subunits, and 
exhibits also an imine E configuration (Figure 18). The conformations of the two halves 
of the molecule differ considerably. One moiety, involving pyridine N29/C24–C28 and 
phenylene ring C16–C21, is almost flat with a dihedral angle of 13.83(13)° between the 
aromatic rings. In the second moiety, the pyridine ring N1/C2–C6 and phenylene ring 
C9–C14 are inclined with respect to one another by 33.02(12)°. 
 
 
 
 
 
 
Figure 18. Molecular structure of L4 showing the numbering scheme and displacement ellipsoids 
at the 50% probability level. 
 
The pyridine–imine system is almost planar within the two moieties. The torsion angles 
N1–C6–C7–N8 and C6–C7–N8–C9 are –174.6(2)° and –178.0(2)°, respectively, whereas  
torsion angles N22–C23–C24–N29 and C19–N22–C23–C24 are 173.7(3)° and –176.9 
(2)°, respectively. This is consistent with the presence of a π-conjugated system, only 
interrupted by the central NH linking element, although bond-length alternation is always 
observed [the C7-N8 and C23-N22 bond distance of 1.263(4) Å is indicative of double-
bond character]. These characteristics are in agreement with similar structures [79, 104, 
105]. The angle C12–N15–C16 (126.1°) is larger than the angle C–CH2–C (110.6°) of the 
above described structure and the angle C–O–C (119.39°) observed for L2 [79]. In the 
crystal packing (Figure 19), the pyridine N1 atoms are involved in weak intermolecular 
N–H···N interactions with NH central group of the neighbouring molecule. The distance 
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between the two nitrogen atoms (N1···N15) is 3.04(2) Å. The more planar moieties of 
symmetry-related molecules are also considerably overlapped. Also, molecules are 
packed together through weak face-to-face π···π (Cg···Cg between 4.13 and 4.29 Å) and 
edge-to-face interactions with a distance C···Cg of ca 3.8 Å. These weak interactions are 
summarized in Table 1. 
 
Table 1. D–H···A interactions in L4. 
 
D – H A H···A [Å] D···A [Å] D–H···A [°] 
N15 – H15 N1i 2.20 3.04 162 
C11 – H11 Cg2ii 2.84 3.74 157 
C21 – H21 Cg3iii 2.95 3.80 148 
Symmetry codes: (i) = -x,-1/2+y,3/2-z ; (ii) = 1−x,1/2+y,3/2−z ; (iii) = x,−1/2−y,1/2+z   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19. The crystal packing of L4 showing the different weak interactions as dotted lines. 
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2.1.2.3 Structure of bis[4-(2-pyridylmethyleneimino)phenyl]-1,1-cyclohexane (L5) 
Ligand L5 possesses one-fold symmetry having an inversion center, with the onefold axis 
running through the central C6H10 linking element present between the two bidentate 
chelating subunits, and exhibits an imine E configuration (Figure 20). The conformations 
of the two halves of the molecule differ considerably from each other and also from the 
structure analogous ligands L1, L2 and L4. In both moities, pyridine ring and phenylene 
ring are inclined which contrasts with the structures of the other ligands, where one half 
of the ligand is inclined and the other half is almost planar. The dihedral angle between 
the pyridine ring N1/C2−C6 and the neighbouring phenylene ring C9−C14, is 65.72(7)° 
while in the second moiety, the aromatic units N34/C29−C33 and C21−C25 are inclined 
with respect to one another by 40.97(8)°.  
 
 
 
 
 
 
 
 
 
Figure 20. Molecular structure of L5 showing the numbering scheme and displacement ellipsoids 
at the 50% probability level. 
 
The pyridine–imine system is almost planar within the two moieties. The torsion angles 
N1–C6–C7–N8 and C6–C7–N8–C9 are –167.9(2)° and –179.04(13)°, respectively, 
whereas torsion angles N27–C28–C29–N34 and C24–N27–C28–C29 are –173.4(2)° and 
179.4(1)°, respectively. This is consistent with the presence of a π–conjugated system, 
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only interrupted by the central C6H10 linking element, although bond-length alternation is 
always observed [the average C=N bond distance is 1.260(1) Å]. These characteristics are 
in agreement with similar structures [79, 104, 105]. The angle C12–C15–C21 (107.1°) is 
lower than all other angles around the linking element present between chelating subunits 
of analogous ligands (Table 2). In the crystal packing (Figure 21) the pyridine N1 atom of 
one ligand molecule is involved in weak intermolecular C–H···N interactions with an 
adjacent molecule having a distance C32···N1 of 3.44(1) Å. Additionaly, molecules are 
stacked together through edge-to-face C–H···π interactions  with a distance CH···centroid 
of ca 2.9 Å. The geometry details of these weak interactions are sumarized in Table 3. 
 
Table 2. Comparison of angles around the linking element present between chelating 
subunits of L1, L2, L4 and L5 ligands. 
Ligand L1 L2 L4 L5 
Linking elememt 
present between 
chelating subunits 
    
Angles (°) 110.54° 119.39° [79] 126.09° 107.13° 
 
 
 
Table 3. C–H···A interactions in L5. 
 
C – H A H···A [Å] C···A [Å] C–H···A [°] 
C32 – H32 N1i 2.50 3.44 172 
C4 – H4 Cg3ii 2.82 3.68 151 
C14 – H14 Cg5iii 2.99 3.91 163 
C18 – H18A Cg3iv 2.91 3.89 171 
Symmetry codes: (i) = −1+x,1+y,1+z ; (ii) = 2−x,− y, 1−z ; (iii) = 1+x,y,z ; (iv) = 1−x, −y, −z  
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O
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Figure 21. The crystal packing of (L5) showing the differents weak interactions in dotted lines. 
 
2.2 Synthesis and structure characterization of some transition metal 
complexes 
In the present work, numerous experiments on the complexation properties of 
bis-pyridylimine ligands towards different transition metal ions such as Ag(I),  
Cu(II), Hg(II), Mn(II), Ni(II) and Fe(II) were performed.  
Solid complexes were prepared by mixing the Schiff base ligands and selected metal salts 
(AgClO4, CuSO4, Hg(ClO4)2, Mn(ClO4)2, Ni(NO3)2, NiCl2, FeCl2)  in an appropriated 
solvent or solvent mixture using different ligand/metal ratios. Single X-ray crystals were 
obtained either by slow evaporation of the mother solvent or mostly by slow diffusion of 
diethylether in the sample mixture. Figure 22 shows the diffusion method which has been 
used as general procedure to grow single crystals of the complexes. 
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Figure 22. Diffusion method used for the synthesis of crystalline metal complexes. 
 
2.2.1 Ag(I) complexes 
The reaction of AgClO4 with the ligands L1 and L2 in various solvents led to three 
complexes 1, 2 and 3 with different structure topology. The crystal structures of these 
complexes are discussed below. 
2.2.1.1 Complex {[AgL1](ClO4) · CH3CN}n (1) 
The self-assembly of L1 with AgClO4 yielded the complex cation [AgL1]+, as a one-
dimensional zigzag coordination polymer. This product crystallizes in the space group 
P21 as determined uniquely by the pattern of systematic absences in the intensity data. 
The asymmetric unit contains one Ag(I) ion, one independent ligand, one acetonitrile 
molecule and a perchlorate anion. 
 
 
 
 
 
Figure 23. Local coordination environment of Ag(I) in 1. Atoms are represented as 50% thermal 
ellipsoids. All anions and solvent molecules are omitted for clarity. 
Diethylether
Ligand in CH2Cl2, MeOH, CH3CN or mixture MeOH/CH3CN
Metal salt in MeOH, CH3CN or H2O
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Each Ag(I) ion is bound to two pyridylimine units of two ligand molecules to yield a 
distorted tetrahedral coordination geometry.  A 1D zigzag coordination polymer is 
generated. An ORTEP diagram of 1 is shown in Figure 23 and pertinent crystallographic 
data are given in Tables 4 and 5.  
 
Table 4. Selected bond lengths (Å) and angles (°) for 1. 
 
Atom Bond lengths (Å) Atom Angles (°) 
Ag-N1 2.413(2) N1-Ag-N29i 148.64(9) 
Ag-N8 2.301(2) N1-Ag-N22i 105.68(8) 
Ag-N22i 2.457(2) N1-Ag-N8 72.40(9) 
Ag-N29i 2.255(2) N8-Ag-N22i 126.36(8) 
  N8-Ag-N29i 134.87(8) 
  N22i-Ag-N29i 72.39(9) 
Symmetry code: i = 1+x, y, z 
 
 
Table 5. C–H···A interactions in 1. 
 
C – H A H···A [Å] C···A [Å] C–H···A [°] 
C7 – H7 O3i 2.42 3.33 160 
C14 – H14 O3i 2.54 3.48 171 
C15 – H15A O8ii 2.37 3.28 153 
C20 – H20 N1iii 2.60 3.52 163 
C24 – H24 N31iii 2.62 3.55 164 
C25 – H25 O5iv 2.34 3.10 137 
C27 – H27 O1v 2.47 3.32 150 
C20 – H20 Cg4iii 2.91 3.80 156 
C18 – H18 Cg6v 3.12 3.83 133 
C17 – H17 Cg7v 2.97 3.90 168 
Symmetry codes: (i) = −x,−1/2+y,1−z ; (ii) = −1+x,−1+y,z ; (iii) = −1+x,y,z ; (iv) = −1+x, −1+y,1+z ; 
(v) = −1-x,−1/2+y,2−z 
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The Ag-Npyridyl bond lengths are in the range 2.413(2)-2.255(2) Å, while the Ag-Nimine 
bond distances lie between 2.301(2) and 2.457(2) Å. All these bond lengths are also 
within the expected range. The chelate bite angles for N1-Ag-N8 and N22-Ag-N29 are 
respectively 72.40(9)° and 72.39(9)°. The halves of the ligand are not planar and the 
torsion angle between the two neighboring phenylene rings is ca. 62°. The packing 
diagram shows that the zigzag chains are interdigitated with weak edge-to-face (CH-π) 
stacking between adjacent phenyl rings, with a C–H···centroid distance in the range 2.91-
3.12 Å. Strong face-to-face π-π interactions also occur between phenyl rings and adjacent 
pyridine rings [72] There are also π-π stacking interactions between pyridine rings 
themselves (Figure 24). The interplanar distances are in the range of 3.52–3.70 Å. No 
silver–anion interactions are present in 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24. Crystal packing for 1 showing the different π-π, CH-π interactions between the zigzag 
chains. Perchlorate anions and acetonitrile molecules are stacked in the crystal lattice. Hydrogen 
atoms are omitted for clarity. 
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This compound also forms layered structure where the ClO4⎯ anions and the CH3CN 
molecules are intercalated between the two dimensional cationic layers (Figures 24-26)  
stabilizing the packing via hydrogen bonds with C-H···O and C-H···N distances in the 
range 3.10-3.48 Å and 3.52-3.55 Å respectively (Table 5). Individual perchlorate anions 
interact with the methylene bridge of one schiff base unit and the pyridine rings of an 
opposite Schiff base via C-H···O hydrogen bonds (Figure 25) to bridge the layers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25. Side view of the structure for 1 showing how the perchlorate anions form a bridge 
between the cationic polymeric chains. Some hydrogen atoms are omitted for clarity. 
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Figure 26. Side view along the b-axis of the layered structure of 1 showing the intercalation of 
the perchlorate anions and solvent (CH3CN) molecules. Hydrogen atoms are omitted for clarity. 
 
2.2.1.2 Complex {[AgL2]ClO4 · CH2Cl2}n (2) 
The reaction of L2 with AgClO4 via slow diffusion of diethylether in a mixture of CH2Cl2 
and CH3CN at room temperature led to the formation in high yield of a coordination 
polymer {[AgL2]ClO4.CH2Cl2}n (2) with a 1D zigzag structure. Similar single-stranded 
silver polymers have been reported previously. [79] Compound 2 crystallizes in the space 
group Pcca as determined uniquely by the pattern of systematic absences in the intensity 
data. The asymmetric unit contains one Ag(I) ion, one independent ligand L2, one 
dichloromethane molecule and a perchlorate anion. In this complex, each Ag(I) ion is 
coordinated to two Schiff base ligands via pyridyl and imine nitrogen atoms. Each Schiff 
base bridges two Ag(I) ions. A distorted tetrahedral configuration occurs around each 
metal center to yield a 1D zigzag coordination polymer. An ORTEP diagram of 2 is 
shown in Figure 27, and pertinent crystallographic data are given in Tables 6 and 7. The 
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Ag-Npyridyl bond lengths are in the range 2.252(3)-2.259(3) Å, while the Ag-Nimine bond 
distances lie in the range 2.373(4)-2.395(3) Å. All these bond lengths are consistent with 
those reported for other Ag(I) Schiff base complexes. [79, 80, 84, 86, 87, 103, 106, 107] 
The N1-Ag-N8 and N25-Ag-N22 bond angles are 72.75(11) and 72.63(11)° respectively. 
The ligand is twisted around the central O atom.  
 
 
 
 
 
 
 
 
 
 
Figure 27.  An ORTEP diagram for the asymmetric unit of 2. Thermal ellipsoids are shown at the 
50% probability level. 
 
 
Table 6. Selected Bond lengths (Å) and angles (°) for 2. 
 
Atom Bond lengths (Å) Atom Angles (°) 
Ag-N1 2.259(3) N1-Ag-N25 134.08(11) 
Ag-N8 2.373(4) N1-Ag-N22 139.61(11) 
Ag-N22 2.395(3) N1-Ag-N8 72.75(11) 
Ag-N25 2.252(3) N8-Ag-N22 110.65(10) 
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Table 7. C–H···A interactions in 2. 
 
C – H A H···A [Å] C···A [Å] C–H···A [°] 
C30A-H30A O4vi 2.47 3.44 168 
C30A-H30B O3vii 2.57 3.33 134 
C13 – H13 Cg4viii 3.09 3.96 153 
C21 – H21 Cg5ix 2.82 3.58 138 
C26 – H26 Cg6x 2.60 3.54 169 
C2 – H2 Cg7xi 2.96 3.90 173 
Symmetry codes: (vi) = x,1/2−y,−1/2+z; (vii) = 1/2−x,1−y,−1/2+z; (viii) = −1/2+x,y,1/2−z; (ix) = 1/2+x,y,1/2−z; (x) 
= −1/2−x,−1/2+y,z; (xi) = 1/2−x,1/2+y,z 
 
The packing diagram shows that the zigzag chains are linked by face-to-face (π-π) 
stacking between adjacent phenyl rings with a distance of ca 3.8 Å;  also edge-to-face 
(CH-π) interactions between phenyl rings and adjacent pyridine rings occur with 
C-H···centroid distances in the range 2.60-2.96 Å (Figure 28). The π-π interactions in 2 
are comparatively weak [72]. This compound forms a layered structure where the anions 
(ClO4−) and the solvent molecules (CH2Cl2) are sandwiched between cationic sheets 
(Figure 29 and 30) and interact each other via C-H···O hydrogen bonds with distances in 
the range 3.33-3.44 Å (Table 7). 
 
 
 
 
 
 
 
 
Figure 28. Crystal packing for 2 showing the π-π stacking between zigzag chains. Perchlorate 
anions and dichloromethane molecules are omitted for clarity. 
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Figure 29. Side view of the structure of 2 showing both the interaction between perchlorate and 
dichloromethane and between one chlorine atom of CH2Cl2 and a pyridine ring. Hydrogen atoms 
of the ligand are omitted for clarity. 
 
One chlorine atom of CH2Cl2 also interacts with a pyridine ring to give a C-Cl···π contact 
with a distance (Cl···centroid) of around 3.53 Å (Figure 29). The cationic sheets are best 
described as 2D arrangements involving coordination polymers with tetracoordinated 
silver centers. The perchlorate anions do not coordinate the Ag(I) centres. A view of this 
packing behaviour is given in Figures 28 and 30. The previously reported structure [79] 
posessing CF3SO3− as counter ion shows a similar coordination pattern. The unit cell is a 
bit larger in this case and the anion is disordered.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 30. Side view along the b-axis of the layered structure of 2 showing the sandwiching of 
the perchlorate anions and solvent (CH2Cl2) molecules. Hydrogen atoms are omitted for clarity. 
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2.2.1.3 Complex [Ag2(L2)2](ClO4)2 (3) 
Crystals of complex 3 were obtained using a CH3OH/CH3CN mixture instead of CH2Cl2 
in case of 2.  The solid-state structure reveals that 3 may be described as a molecular box, 
very similar to the complex [Ag2(L2)2](BF4)2 obtained by Cheng et al. [80] Indeed it is 
clear that the phenyl ether spacer sterically inhibits the two metal binding sites from 
coordinating to a single metal center. Nevertheless in contrast to the methylene bridge in 
L1 the central ether oxygen atom in L2 will introduce enhanced flexibility into the ligand 
backbone, as discussed by Hannon et al. [84, 86, 87, 106, 107].  This flexibility allows 
two possible arrangements for dimeric [M2L2]2+ species: a double-helical structure or a 
non-helical box-like structure.  
 
 
 
 
 
 
                     a) 
 
 
 
 
 
 
 
   
 
 
                     
                     b) 
 
 
 
 
 
 
 
Figure 31. a) ORTEP plot of the box-like [Ag2L2)2]2+ cation showing 50% probability 
displacement ellipsoids. b) Space-filling representation. Hydrogen atoms and perchlorate anions 
are omitted for clarity. 
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[Ag2(L2)2](ClO4)2 (3) crystallizes in the triclinic system with the space group being P–1. 
The asymmetric unit consists of one dinuclear complex cation and two perchlorate 
anions. The structure of the dimeric [Ag2(L2)2]2+ box is shown in Figure 31 and 
corresponding crystallographic data are given in Tables 8 and 9.  
 
Table 8. Selected Bond lengths (Å) and angles (°) for 3. 
 
Atom Bond lengths (Å) Atom Angles (°) 
Ag1-N1 2.429(4) N1–Ag1–N22i 132.01(13) 
Ag1-N8 2.307(4) N1–Ag1–N25i 115.44(14) 
Ag1-N22 2.425(4) N1- Ag1-N8 71.01(14) 
Ag1-N25 2.297(4) N8–Ag(1)–N22i 117.69(13) 
  N8–Ag(1)–N25i 162.25(13) 
  N22i–Ag(1)–N25i 71.38(13) 
Symmetry codes: i = 1−x, 1−y, −z 
 
 
Table 9. C–H···A interactions in 3. 
 
C – H A H···A [Å] C···A [Å] C–H···A [°] 
C3-H3A O4Bxii 2.56 3.43 152 
C5-H5A O2Bxiii 2.58 3.13 117 
C10-H10A O3Bxiv 2.53 3.47 171 
C18-H18A O4Bxv 2.52 3.36 148 
C11– H11A Cg5xvi 2.88 3.80 164 
C17 – H17A Cg1xvii 2.88 3.80 163 
C20 – H20A Cg6xviii 2.92 3.77 149 
Symmetry codes: (xii) = 2−x, 1−y, 1−z, z; (xiii) = 1−x, 1−y, 1−z; (xiv) = x, −1+y, z; (xv) = −1+x, y, z; 
(xvi) = −1+x, y, z; (xvii) = −1+x, y, z; (xviii) = −1+x, y, z. 
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The cationic molecular box in 3 is composed of two Ag(I) ions and two Schiff base 
ligands L2. Each Schiff base is doubly chelated and bridges two silver ions. One Schiff 
base passes above the Ag(I)–Ag(I) axis, while the other passes beneath it. Each Ag(I) is 
coordinated to two pyridyl and two imine nitrogen atoms, generating a distorted 
tetrahedral geometry. The dihedral angle between the two coordination planes is ca. 61°. 
The Ag–Npyridyl distances are 2.297(4) and 2.429(4) Å and Ag–Nimine distances are 
2.307(4) and 2.425(4) Å. The bite angles Npyridyl–Ag–Nimine are 71.01(14)° and 
71.38(13)° (Table 8). The structure has opposite phenyl rings parallel to each other, with 
the torsion angle between two neighboring phenyl rings of one ligand being ca 67.7°. The 
dimensions of the resulting distorted rhombic cavity are approximately 7×7 Å, measured 
between opposite phenyl rings. This cavity is similar to that in 
[Ag2(L2)2][BF4]2·1.5CH3CN recently reported [80]. The intermetallic Ag···Ag distance is 
12.4 Å. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 32.  Perspective view of the 2D sheets showing the π–π and CH-π interactions in 3. 
Hydrogen atoms and perchlorate anions are omitted for clarity. 
 
Intermolecular face-to-face (π-π) interactions between the phenyl rings with a 
centroid…centroid distance of 3.57 Å (β = 22°) and edge-to-face (CH-π) interactions 
between the phenyl rings and pyridine rings with (CH···centroid) distances in the range 
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2.88-2.99 Å may enhance the stability of the molecular box architecture (Figure 32). 
Perchlorate anions also play a role in the stabilisation since they serve to bind the 
molecular boxes throughout the crystal lattice; These anions are not disordered and 
interact with the phenyl and the pyridine rings respectively (Figures 33 and 34) via 
C-H···O hydrogen bonds with C···O distances in the range 3.13-3.47 Å (Table 9). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 33. Side view of the structure of 3 showing the interactions between perchlorate and H 
atoms of adjacent phenyl and pyridine rings. Non-bound hydrogen atoms are omitted for clarity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 34. Side view of the structure of 3 along the crystallographic b-axis showing the 
perchlorate interactions. Hydrogen atoms are omitted for clarity. 
38 
2.2.2 Cu(II) complexes 
2.2.2.1 Complexes [CuL1(SO4)]6 · 24H2O (4), [CuL2(SO4)]6 · 24H2O (5) and 
[CuL3(SO4)]6 · 24H2O (6) 
Reaction of L1−L3 with CuSO4·5H2O in a MeOH/H2O/MeCN mixture (v/v 2:1:2) gave 
brown (6) and green complexes (4, 5) of uniform composition [CuL(SO4)]6·24H2O in 
almost quantitative yields. In each case single crystals suitable for X-ray crystallography 
were obtained by slow diffusion of diethyl ether into the corresponding reaction mixture. 
All three complexes crystallize isostructurally with one independent [CuL(SO4)] 
fragment in the asymmetric unit yielding essentially superimposable hexanuclear circular 
helical arrangements (Figure 35a, c) via the symmetry operations of space group R 3 . The 
six Cu(II) ions alternately have Λ- and Δ-configurations leading to overall 
centrosymmetric meso-helicates. Two of the six Cu(II) centres are twisted out of plane 
allowing a chair-like conformation of the complexes (Figure 35b). The distances of 
adjacent Cu(II) ions in 4, 5 and 6 are 12.49, 12.46, and 12.58 Å, respectively, all three 
being significantly longer than the corresponding distance (11.38 Å) in the triple-helicate 
species derived from L1[85]. In the title complexes each Cu(II) has a severely distorted 
octahedral coordination environment involving interactions with two bidentate 
pyridylimine strands of different ligands and one bidentate sulfate ion (Figure 35d, e). 
This binding pattern leads to a neutral hexanuclear complex with three anions located at 
the top and three at the bottom of the molecule. Selected bond lengths and angles for 
these complexes are given in Tables 10 and 11. The coordinating sulfate anions clearly 
play a major role in formation of the hexanuclear meso-helicates; on changing the anion 
from SO42− to ClO4− or NO3− only the cationic, non-cyclic triple helicate [Cu2(L2)3]4+ was 
formed under the same conditions. 
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Figure 35. Molecular structure of the circular meso-helicates [CuL(SO4)]6 showing the hexagonal 
arrangement (a), the chair-like conformation (b),  the overlay of the three structures (c) and the 
binding mode [d and e(in 6)] of a single Cu(II) ion. The ligands are shown in different colours in 
(a) and (b); Cu in orange, N in blue, O in red, S in yellow. Helicates are represented in different 
colours in c) (4 in light brown, 5 in blue and 6 in violet). H atoms are omitted for clarity. 
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Table 10. Selected Bond lengths (Å) and angles (°) of the circular meso-helicates 4, 5 
and 6. 
 
atoms [CuL1(SO4)]6·24H2O 
(4) 
[CuL2(SO4)]6·24H2O 
(5) 
[CuL3(SO4)]6·24H2O 
(6) 
Cu – N1 2.020(3) 2.022(2) 2.027(3) 
Cu – N16 2.018(3) 2.017(2) 2.026(3) 
Cu – N8 2.246(2) 2.261(2) 2.242(4) 
Cu – N23 2.045(2) 2.051(2) 2.070(3) 
Cu – O1 1.959(2) 1.963 (2) 1.974(3) 
Cu – O2 2.770(2) 2.792(2) 2.790(3) 
O1 – Cu – N1 93.91(11) 93.01(7) 93.81(12) 
O1 – Cu – N16 92.65(10) 92.83(8) 93.19(12) 
O1 – Cu – N8 93.36 (9) 93.27 (8) 90.55(12) 
O1 – Cu – N23 163.34(9) 164.14(8) 165.41(13) 
N1 – Cu – N16 170.64(10) 171.05(10) 169.63(15) 
N1 – Cu – N23 91.96(10) 92.65(8) 91.51(12) 
N16 – Cu – N23 79.94(10) 79.99(8) 79.92(12) 
N1 – Cu – N8 77.90(11) 77.94(8) 77.71(12) 
N8 – Cu – N23 103.12(9) 102.39(8) 103.85(12) 
N8 – Cu – N16 108.37(11) 108.49(8) 109.86(13) 
O2 – Cu – N1 82.67(8) 81.46(8) 82.56(8) 
O2 – Cu – N16 95.21(10)  95.99(10) 94.80(8) 
O2 – Cu – N8 144.06(10) 143.20(10) 141.17(8) 
O2 – Cu – N23 107.52(10) 108.75(10) 109.82(8) 
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Table 11. C–H···A interactions in 4, 5 and 6. 
 
C – H A H···A [Å] C···A [Å] C–H···A [°] 
 
[CuL3(SO4)]6 · 24H2O (6) 
C2 – H2 O2 2.542(3) 3.143(5) 121 
C4 – H4 O3i 2.577(3) 3.468(5) 156 
C7 – H7 O3ii 2.430(3) 3.276(5) 148 
C25 – H25 O4ii 2.581(3) 3.250(5) 128 
C22 – H22 O4iii 2.242(4) 3.164(6) 164 
 
[CuL1(SO4)]6 · 24H2O (4) 
C17 – H17A O2 2.487(3) 3.101(4) 122 
C18 – H18A O2iv 2.527(3) 3.192(5) 127 
C7 – H7A O3v 2.208(3) 3.118(4) 160 
C19 – H19A O4 iv 2.462(4) 3.353(5) 156 
C22 – H22A O4vi 2.411(2) 3.272(4) 151 
C15 – H15A Cg4vii 3.165 4.038 148 
C15 – H15A Cg7vii 3.312 3.637 101 
C15 – H15B Cg7vii 3.188 3.637 109 
 
[CuL2(SO4)]6 · 24H2O (5) 
C17 – H17 O1 2.599(2) 3.088(3) 112 
C2 – H2 O2 2.465(2) 3.072(3) 122 
C3 – H3 O2i 2.569(2) 3.213(3) 125 
C4 – H4 O3i 2.478(2) 3.390(3) 161 
C7 – H7 O3viii 2.452(2) 3.301(3) 149 
C22 – H22 O4iii 2.193(2) 3.097(3) 158 
C28 – H28 Cg6ix 3.112 3.600 114 
Symmetry codes: (i) = 2/3+x-y,1/3+x,1/3-z; (ii) = 4/3-y,2/3+x-y,-1/3+z; (iii) = -1/3+y,1/3-x+y,1/3-z; (iv) = 1+y,1-x+y,-z; (v) = x-y,-
1+x,-z; (vi) = 5/3-x+y,4/3-x,1/3+z; (vii) = 5/3-x,1/3-y,1/3-z; (viii) =  4/3-y,2/3+x-y,-1/3+z; (ix) = 1-x,1-y,-z 
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As expected, the characteristic bond lengths of the complexes vary with the donor atom 
type and position, and are in agreement with data for structurally related systems: 
Cu-Npyridyl (2.02 – 2.03 Å), Cu–Nimine (2.05 – 2.26 Å) and Cu–Osulfate (1.97; 2.79 Å). 
Bond lengths are shorter in the equatorial (2×Npyridyl, 1×Nimine, 1×Osulfate) than in the axial 
positions (1×Nimine, 1×Osulfate) reflecting the presence of Jahn-Teller distortions. In 
particular, the axial Cu–Osulfate bonds (2.77 – 2.79 Å) are very weak; each of these oxygen 
atoms forms one weak hydrogen bond CH···Osulfate (2.47 – 2.54 Å) to a neighbouring 
pyridyl unit. In addition, the meso-helicates incorporate six weak π–π interactions 
(Cg2···Cg3: 3.90 – 3.94 Å) between pyridyl rings of one ligand and phenylene spacers of 
an adjacent ligand. The space-filling model of the meso-helicate structure (Figure 36) 
clearly illustrates the nanometre-scale dimensions of the complex assembly: dcavity ≈ 2.2 
nm, width ≈ 2.5 nm and height ≈ 1.7 nm. 
 
 
 
 
 
 
 
 
 
 
 
Figure 36. Space-filling representation of the molecular structure of [CuL(SO4)]6: Top: top view; 
Bottom: side view. The six ligands are shown in different colours in every helicate; Cu in orange, 
N in blue, O in red, S in yellow. H atoms are omitted for clarity. 
 
54 6 
 Cu(II) complexes 
 
 
  
43
The crystal packing is characterized by a dense supramolecular assembly of puckered 
hexameric meso-helicates with an ABC stacking sequence reflecting the motif of a cubic 
close packing (Figure 37). Each sulfate ion is surrounded by hydrogen-bonded disordered 
H2O molecules which are mainly arranged in two slightly distorted cubic clusters. One of 
these clusters is linked via additional H2O molecules to SO42− by OH···O hydrogen bonds 
forming a 3D network. If O···O distances up to 3 Å are considered, each SO42− is bound 
to 4 (4, 6) or 5 H2O (5) molecules. The second cluster is loosely hydrogen bonded to the 
ligands without connection to SO42−. Altogether each complex molecule is linked with six 
neighbouring molecules in the assembly by 24 moderate (2.19 – 2.24 Å) and weak 
(2.41 – 2.60 Å) CH···O hydrogen bonds involving the sulfate oxygen atoms. Furthermore 
12 relatively strong π-π stacking interactions (Cg1···Cg2: 3.61 – 3.64 Å) between pyridyl 
rings of neighbouring molecules stabilize the arrangement (Figure 38). The geometrical 
details of the π-π interactions are listed in Table 12. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 37. Dense 3D packing of the meso-helicates [CuL2(SO4)]6 driven by hydrogen bonding 
and π-π stacking: a) top view; b) side view.  Each helicate is shown in a different colour. H atoms 
are omitted for clarity. 
 
 
 
b) a) 
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Table 12. π–π interactions in 4, 5 and 6. 
 
Cg Cg Cg···Cg [Å] β [°] CgI···perp [Å] 
 
[CuL3(SO4)]6 · 24H2O (6) 
Cg4 Cg5i 3.640 25 0.52 
Cg4 Cg7 3.940 18 3.05 
 
[CuL1(SO4)]6 · 24H2O (4) 
Cg4 Cg5ii 3.613 24 6.64 
Cg5 Cg6 3.899 18 3.16 
 
[CuL2(SO4)]6 · 24H2O (5) 
Cg4 Cg5i 3.630 25 0.32 
Cg4 Cg7 3.926 19 3.09 
Symmetry codes: (i) = 2/3+x-y,1/3+x,1/3-z; (ii) = x-y,-1+x,-z  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 38. Representation of a part of the self-assembly of [CuL1(SO4)]6 showing the π–π 
stacking interactions. H atoms are omitted for clarity. 
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2.2.2.2 Complex [Cu6(L2)3(L3)3(SO4)6] · 24H2O (7) 
Compound (7) was prepared similarly as that of 4–6 but using in this case the ligand 
mixture L2 and L3 (in a 1:1 ratio) to react with CuSO4·5H2O in a MeOH/H2O/MeCN 
mixture (v/v 2:1:2). The green–brown crystalline product of (7) grows uppon slow 
diffusion of diethyl ether into the corresponding reaction mixture and the microanalytical 
data of the complex were consistent with the formulation [Cu6(L2)3(L3)3(SO4)6] · 18H2O . 
This crystalline material proved to be suitable for X-ray crystallography and the structure 
revealed a hexanuclear circular helical arrangements (Figure 39a) almost similar to 
compounds 4–6 but  alternating –O– and –S– bridge. The complexe crystallizes in the 
space group R 3  with one independent [Cu(L2)0.5(L3)0.5(SO4)] fragment in the asymmetric 
unit. The six Cu(II) ions alternately have Λ- and Δ-configurations leading to overall 
centrosymmetric meso-helicates. Two of the six Cu(II) centres are twisted out of plane 
allowing a chair-like conformation of the complexes (Figure 39b). The distances of 
adjacent Cu(II) ions are 12.46 Å, and significantly longer than the corresponding distance 
(11.38 Å) in the triple-helicate species derived from L1 [117]. 
 
 
 
Figure 39. Molecular structure of the circular meso-helicates [Cu6(L2)3(L3)3(SO4)6] showing the 
hexagonal arrangement (a) and the chair-like conformation (b) The ligands are shown in different 
colours and solvent molecules and H atoms are omitted for clarity. 
a) 
b)
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Figure 40. Fragment of molecular structure of the circular meso-helicates [Cu6(L2)3(L3)3(SO4)6] 
showing the binding mode of a single Cu(II) ion. Solvent molecules and H atoms are omitted for 
clarity. 
 
In the title complexes each Cu(II) has a severely distorted octahedral coordination 
environment involving interactions with two bidentate pyridylimine strands of different 
ligands and one bidentate sulfate ion (Figure 40). This binding pattern leads to a neutral 
hexanuclear complex with three anions located at the top and three at the bottom of the 
molecule. As expected, the characteristic bond lengths (Table 13) of the complexes vary 
with the donor atom type and position, and are in agreement with data for structurally 
related systems: Cu–Npyridyl (2.02 – 2.03 Å), Cu–Nimine (2.06 – 2.26 Å) and Cu–Osulfate 
(1.97; 2.77 Å). Bond lengths are shorter in the equatorial (2× Npyridyl, 1×Nimine, 1×Osulfate) 
than in the axial positions (1×Nimine, 1×Osulfate) reflecting the presence of Jahn-Teller 
distortions. In particular, the axial Cu–Osulfate bonds (2.77 Å) are very weak; each of these 
oxygen atoms forms one weak hydrogen bond CH···Osulfate (2.48 Å) to a neighbouring 
pyridyl unit. In addition, the meso-helicates incorporate six weak π–π interactions 
(centroid···centroid: 3.92 Å) between pyridyl rings of one ligand and phenylene spacers 
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of an adjacent ligand. The space-filling model of the meso-helicate structure is similar to 
that shown in Figure 36. 
The crystal packing is characterized by a dense supramolecular assembly of puckered 
hexameric meso-helicates with an ABC stacking sequence reflecting the motif of a cubic 
close packing (Figure 37). Each sulfate ion is surrounded by hydrogen-bonded disordered 
H2O molecules which are mainly arranged in two slightly distorted cubic clusters. One of 
these clusters is linked via additional H2O molecules to SO42− by OH···O hydrogen bonds 
forming a 3D network. If O···O distances up to 3 Å are considered, each SO42− is bound 
to 4 H2O molecules. The second cluster is loosely hydrogen bonded to the ligands 
without connection to SO42−. Altogether each complex molecule is linked with six 
neighbouring molecules in the assembly by 24 moderate (2.20 Å) and weak (2.48 – 2.60 
Å) CH···O hydrogen bonds involving the sulfate oxygen atoms. Furthermore 12 relatively 
strong π-π stacking interactions (centroid···centroid: 3.66 Å) between pyridyl rings of 
neighbouring molecules stabilize the arrangement (Figure 38). Weak interactions data are 
summarized in Table 14 and 15. 
 
Table 13. Selected Bond lengths (Å) and angles (°) for 7. 
 
Cu – N1 2.030(3) Cu – N23 2.059(4) 
Cu – N16 2.023(3) Cu – O1 1.965(3) 
Cu – N8 2.255(4) Cu – O2 2.766(3) 
O1 – Cu – N1 93.16(13) N1 – Cu – N8 77.66(14) 
O1 – Cu – N16 93.09(13) N8 – Cu – N23 102.40(13) 
O1 – Cu – N8 92.20(13) N8 – Cu – N16 109.45(15) 
O1 – Cu – N23 165.21(14) O2 – Cu – N1 81.59(12) 
N1 – Cu – N16 170.33(17) O2 – Cu – N16 95.48(12) 
N1 – Cu – N23 92.28(14) O2 – Cu – N8 142.72(12) 
N16 – Cu – N23 79.93(14) O2 – Cu – N23 109.09(13) 
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  Table 14. C–H···A interactions in 7. 
 
C– H A H···A [Å] C···A [Å] C–H···A [°] 
C2 – H2 O2 2.48 3.075(5) 121 
C3 – H3 O2i 2.60 3.203 (6) 122 
C4 – H4 O3i 2.56 3.459(6) 158 
C7 – H7 O3 ii 2.49 3.324(5) 146 
C22 – H22 O4iii 2.20 3.118(6) 163 
Symmetry codes: (i) = 2/3+x-y,1/3+x,1/3-z; (ii) = 4/3-y,2/3+x-y,-1/3+z; (iii) = -1/3+y,1/3-x+y,1/3-z 
 
 
Table 15. π–π interactions in 7. 
 
Cg Cg Cg···Cg [Å] β [°] CgI···perp [Å] 
Cg4 Cg5i 3.66 25 0.36 
Cg4 Cg7 3.92 19 3.09 
Symmetry codes: (i) = 2/3+x-y,1/3+x,1/3-z  
 
2.2.2.3 Thermal analysis of 4, 5 and 6 
Thermal properties of compounds 4-6 were investigated by DTA/TG methods in a static 
air atmosphere with heating and cooling rates of 5 °C·min-1 (NETZSCH STA 409) 
(Figure 41–43). Thermogravimetric (TG) curves of 4 and 5 show three steps weight loss 
while that of 6 shows two steps weight loss under the chosen experimental conditions. In 
the temperature between 50 and 200 °C the samples weight decrease by 8.9, 8.86 and      
9 % in 4, 5, and 6 respectively, corresponding to the loss of water molecules. These mass 
losses are close to the calculated ones {8.88 % (18 moles of water), 8.85 % (18 moles of 
water) and 9.2 % (19 moles of water)} assuming the chemical formula deduced from 
elemental analysis. The last steps of weight loss (67.2-79.6 %) occurring in the range 
200–500 °C, may correspond to the complete destruction of the network as shown the 
endothermic peaks in DTA curves at around 450°C. 
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Figure 41. Thermogravimetric measurements (static air, heating rate: 5 °C·min-1) of 
[CuL1(SO4)]6 · 24H2O (4) show a weight loss of 8.9 % in the temperature range between 30 and 
110 °C (calc.: 8.88 %) corresponding with the loss of 18 moles of H2O. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 42. Thermogravimetric measurements (static air, heating rate: 5 °C·min-1) of 
[CuL2(SO4)]6 · 24H2O (5) show a weight loss of 8.86 % in the temperature range between 30 and 
150 °C (calc.: 8.85 %) corresponding with the loss of 18 moles of H2O. 
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Figure 43. Thermogravimetric measurements (static air, heating rate: 5 °C·min-1) of 
[CuL3(SO4)]6 · 24H2O (6) show a weight loss of 9 % in the temperature range between 30 and 
150 °C (calc.: 9.2 %) corresponding with the loss of 19 moles of H2O. 
 
2.2.2.4 Magnetic properties of complex Complex [CuL1(SO4)]6 · 24H2O (4) 
The static magnetic susceptibility χ of [Cu(L)SO4]6.nH2O complex has been studied at 
temperatures T = 2 – 350 K in a magnetic field B = 5 T. The plot of the T-dependence of 
the inverse susceptibility χ−1(Τ) is shown in Figure 44. Almost in the whole temperature 
range χ−1 is linear in T following thus perfectly the Curie-Weiss law χ = C/(T+θ). Here C 
is the Curie constant and θ is the Curie-Weiss temperature. The fit yields C = 2.72 
emuK/mole and a small positive value of θ  < 0.4 indicating a rather weak 
antiferromagnetic interaction between the Cu ions. The magnitude of the effective 
magnetic moment peff related to C ~ χT as peff = (3CkB/NA)1/2 is plotted in the left inset of 
Figure 44 as a function of temperature. Here kB is the Boltzmann constant, NA is the 
Avogadro number and μB is the Bohr magneton. peff reveals an almost T-independent 
value (characteristic for paramagnetism) of 1.86 μB at T >10 K and decrease of the 
magnitude at low temperatures which is related to antiferromagnetic interaction between 
the Cu ions. 
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The ESR measurements have been performed at a frequency of 9.5 GHz at room 
temperature. Obtained ESR spectrum plotted in the right inset of Figure 44 shows a 
single ESR line with an isotropic g-factor of 2.13. The magnitude of the effective 
magnetic moment is related to the g-factor as peff = g[S(S+1)]1/2 μB, where S is the spin of 
the Cu(II) ion (3d9) equal to 1/2. Thus from the above value of g-factor one obtains peff = 
1.84 μB which is indeed very close to the estimate from the static susceptibility data. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 44. Temperature dependence of the inverse static magnetic susceptibility χ−1 of complex 
[Cu(L)SO4]6.nH2O. A small temperature independent contribution χ0 arising due to 
diamagnetism, Van-Vleck paramagnetism and instrumental effects has been subtracted from the 
raw data. Left inset shows the effective magnetic moment calculated from the χ data (see the 
text). Right inset – ESR spectrum (field derivative of the absorbed power dP(H)/dH) of a powder 
sample at room temperature. 
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2.2.2.5 Laser fluorecence spectroscopy studies of complex formation of Cu(II) with 
ligands L1 and L2 
The fluorescence properties of the ligands L1 and L2 are summarized in Table 16. The 
time-resolved fluorescence spectrum of L2 is shown in Figure 45 as an example. 
 
 
 
 
 
 
 
 
 
 
Figure 45. Time-resolved fluorescence spectrum of ligand L2, [L2] = 1x10–5 M in CH3OH. 
 
Table 16. Fluorescence properties of L1 and L2. 
Ligand Center of  
gravity (1)  
nm 
Decay time  
(1)  
ps 
Center of  
gravity (2) 
 nm 
Decay time  
(2)  
ps 
Intensity 
ratio  
(1)/(2) 
L1 348.5 2010 ± 7 334.7 12795 ± 610 14.2 
L2 403.8 2800 ± 20 410.3 10415 ± 420 10.1 
 
For these two ligands a two-exponential fluorescence decay behaviour was observed in 
the absence of Cu(II). The component with the shorter fluorescence decay time shows the 
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higher fluorescence intensity. The maxima of this fluorescence emission are located at ca. 
350 and 404 nm for L1 and L2, respectively. The fluorescence maxima for the second 
emitting component were found at ca. 335 and 410 nm for L1 and L2, respectively. 
Addition of copper(II) to the solution of the ligands leads to a slight decrease in 
fluorescence intensity (static fluorescence quenching) and influences strongly the 
fluorescence lifetime (Table 17). The formed complexes show also fluorescence 
properties. 
 
Table 17. Fluorescence lifetimes of the ligands L1 and L2 as function of the added Cu(II) 
concentration (total concentration of ligand  1·10–5 M). 
[Cu(II)] / M L1 L2 
0 12795 2010 10415 2800 
1.00E–6 11602 1994 10873 2867 
2.00E–6 12191 2052 8387 2867 
3.00E–6 11921 1976 16922 3162 
5.00E–6 10112 1964 8784 2694 
1.00E–5 13997 2019 4827 3315 
2.00E–5 12109 2023 7018 2020 
5.00E–5 5827 1884 4072 395 
 
The fluorescence with the shorter fluorescence lifetime was mainly influenced by the 
formation of the complexes (see Table 18). At CuII/ligand ratios of 1:2 the fluorescence 
of the 335 and 410 nm component disappears. This behaviour is in agreement with the 
ESI-MS results where 1:2 complexe compositions were the most abundant in solution.  
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Table 18. Emission maxima for L1 and L2 with increasing Cu(II) concentration (total 
concentration of ligand  1·10–5 M). 
[Cu(II)] / M L1 L2 
0 334.7 403.8 
1.00E–6 336.1 399.7 
2.00E–6 330.4 401.2 
3.00E–6 325.2 390.6 
5.00E–6 320.3 332.4 
1.00E–5 325.5 345.1 
2.00E–5 315.2 320.5 
5.00E–5 310.6 315.2 
 
In addition the fluorescence intensities were used to confirm complex formation. Due to 
the observation that mainly the fluorescence intensity of the component with the shorter 
fluorescence lifetime is influenced by the complex formation these data were evaluated 
for the stability of the complexes. The species concentration can be calculated from the 
fluorescence intensities of the free ligand. The resulting stability constants are 
summarized in Table 19. 
 
Table 19. Stability constants of the formed Cu(II) complexes. 
Ligand Stoichiometry 
(L:Cu) 
log K Solvent 
L1 2:1 10.43 ± 0.7 CH3OH 
L2 2:1 11.13 ± 0.4 CH3OH 
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2.2.3 Hg(II) complexes 
2.2.3.1 Complex [Hg2(L2)2(ClO4)3(H2O)2] ClO4 · CH3CN (8) 
Reaction of L2 with Hg(ClO4)2 · H2O in a MeOH/MeCN mixture (v/v 1:1) gave, upon 
slow diffusion of diethylether, crystalline sample of (8) whose microanalyses were 
consistent with the formation of [MnLn] (n = 1, 2,…) species. The IR spectrum of L2 
displays a sharp peak characteristic of the C=N bond at 1625 cm–1, which upon 
complexation of Hg(II) slightly shifts to higher frequency (ca. 1633 cm–1), and is 
consistent with coordination to the imino nitrogen. ESI mass spectroscopy in 
CH3OH/DMSO solution found predominant peaks centred at m/z 479 and 596, which are 
consistent with the presence in solution of [Hg(L2)2]2+ and [Hg(L2)2 + 3 DMSO]2+ 
respectively and the existence of either an achiral molecular box, a dinuclear double helix 
or polymeric architecture. The atomic numbering scheme and atom connectivity for 8 is 
shown in Figure 46 and 47. The asymmetric unit of 8 contains two unique Hg ions, two 
ligands, four ClO4⎯ anions, and disordered solvent that has been modelled as a mixture of 
CH3CN and H2O. A racemic mixture of both enantiomers is observed in the unit cell.  
 
 
 
 
 
 
 
 
 
Figure 46. Molecular structure and atomic numbering scheme of 8. H atoms, perchlorate anions 
and solvent molecules of crystallisation are removed for clarity. 
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Figure 47. Molecular structure of 8 showing the interaction of the perchlorate anions and water 
molecules with the Hg(II) centres. H atoms and CH3CN molecules are removed for clarity. 
 
 
Table 20 Selected Bond lengths (Å) and angles (°) for 8. 
 
Hg1 – N1 2.162(4) Hg2 – N22 2.452(5) 
Hg1 – N8 2.457(4) Hg2 – N29 2.193(5) 
Hg1 – N52 2.453(4) Hg2 – N31 2.190(5) 
Hg1 – N59 2.182(4) Hg2 – N38 2.394(5) 
N1 – Hg1– N8 72.69(17) N22 – Hg2 – N29 72.30(17) 
N1 – Hg1– N52 124.83(17) N22 – Hg2 – N31 131.54(17) 
N1 – Hg1– N59 159.88(18) N22 – Hg2 – N38 84.47(15) 
N8 – Hg1– N52 80.49(15) N29 – Hg2 – N31 153.55(18) 
N8 – Hg1– N59 123.38(15) N29 – Hg2 – N38 127.16(17) 
N52 – Hg1– N59 73.00(16) N31 – Hg2 – N38 73.02(17) 
 
Both Hg(II) ions of the helicate have distorted tetrahedral coordination environments if 
only the chelating iminopyridyl subunits are considered. Bond lengths and angles are all 
in common ranges (Table 20); the Hg···Hg separation is 12.72 Å. The dihedral angles for 
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the two arms are 58.5° and 57.5° for Hg1 and Hg2, respectively. Dihedral angles of 0° 
and 90° would be expected for planar and pseudo-tetrahedral geometries, respectively. 
Each mercury(II) centre weakly interact with surrounded H2O molecules and ClO4⎯ 
anions. If Hg···O distances up to 3.1 Å are considered, Hg1 is bound to two ClO4⎯ anions 
and one H2O molecule while Hg2 is bound to one H2O and one bidentate ClO4⎯. 
Considering these weak interactions, each Hg(II) centre will be connected to 7 donor 
atoms and therefore have a distorted pentagonal bipyramidal coordination geometry 
(Figure 47). The ligands wrap around the metal centres such that a helical structure is 
formed with a twist defined by the torsion angles Hg1–N8–N22–Hg2 and Hg1–N52–
N38–Hg2 of 145.2° and 147.7°, respectively. The difference in torsion angle for the two 
binding ligands is probably a consequence of the different intra- and inter-molecular 
interactions experienced by each ligand. This also gives the helical structure a major and 
minor groove [86] as exemplified by the distance C5–C35 (11.00 Å) being ca. 3 Å 
shorter than C25–C55A (14.05 Å). The phenyl rings of the diarylether spacer are face-to-
face π-stacked (Figure 48) with those on the adjacent ligand strand (distance centroid–
centroid ca 4.10 Å).  These interactions are probably a consequence of the constraints 
imposed upon the ligands on coordination to the mecury centres. Furthermore, it is also 
noteworthy that pyridyl and phenyl rings in the different ligand moieties are not co-planar 
with each other: angles between the mean planes are in the range 31.1°–40.8°. This 
ligand distortion probably derives from the steric constraints imposed by the geometry 
disposed Hg(II) centres. The helical complexes pack together through a combination of 
several intermolecular interactions leading to a 3D arrangement. Firstly, each double-
stranded helicate uses four aromatic rings in the connection with other helicates, two 
from the spacer units and the other two from the pyridyl moieties. Overall, each helicate 
is connected with six other molecules, through six, face-to-face π···π (3.8–4.1 Å) 
interactions (Table 22), forming an unusually compact, ordered and stable molecular 
solid (Figure 48 and 49). Secondly, C–H···π (3.4 Å) interactions occur between the C5 
pyridyl proton (H5) via a self-complementary C–H···π interaction with one of the phenyl 
rings from an adjacent molecule Figure 47. 
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Figure 48. Crystal packing along the b axis showing the 3D arrangement of the helicates by π–π 
stacking interactions in 8. H-atoms, perchlorate anions and solvent molecules are removed for 
clarity. 
 
 
 
 
 
 
 
 
Figure 49. Crystal packing of 8 along the c axis showing the inclusion of non-metal bound ClO4⎯ 
ions and CH3CN molecules. H-atoms, metal-bound ClO4⎯ ions and H2O molecules are removed 
for clarity. 
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Thirdly, (C-H···O) hydrogen bond interactions (Figure 50) are observed between helicates 
and anions; the distances C···O are in the range 2.95-3.60 Å (Table 21). Altogether these 
interactions lead to a porous-like supramolecular network, in which the CH3CN solvent 
molecules are located together with the non-metal bound anions (Figure 49). The distance 
between the two closest Hg(II) centres of stacked helicates is smaller (6.84– 9.96 Å) than 
the intramolecular Hg–Hg distance (12.72 Å). 
 
 
               
 
 
 
 
 
 
 
 
 
Figure 50. Stereo illustration showing hydrogen bond interactions in 8.  
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Table 21. C–H···A interactions in 8. 
 
C – H A H···A [Å] C···A [Å] C–H···A [°] 
C2 – H2 O3Bi 2.45 3.28 147 
C4 – H4 O1Aii 2.42 3.25 145 
C14 – H14 O4Diii 2.45 3.60 162 
C18– H18 O2Biv 2.52 3.44 162 
C20 – H20 O2Dv 2.44 3.26 144 
C23 – H23 O2Aiv 2.57 3.37 142 
C23 – H23 O45vi 2.56 3.29 134 
C26 – H26 O3Civ 2.50 3.15 126 
C27 – H27 O1Dvii 2.42 3.11 129 
C28 – H28 O11viii 2.21 2.95 134 
C32 – H32 O2Cv 2.53 3.25 133 
C32 – H32 O3Av 2.49 3.17 129 
C34– H34 O2Aix 2.55 3.35 142 
C44 – H44 O4Ciii 2.55 3.46 161 
C50 – H50 O1Cv 2.60 3.47 153 
C53 – H53 O1Av 2.49 3.27 140 
C53 – H53 O11i 2.45 3.13 128 
C56– H56 O2Ci 2.44 3.24 141 
C56 – H56 O3Di 2.48 3.14 127 
C57 – H57 O2Bi 2.57 3.43 151 
C58– H58 O10x 2.35 3.07 133 
C5 – H5 Cg9iii 2.89 3.41 116 
Symmetry codes: (i) = x,1/2-y,1/2+z; (ii) = 1-x,-y,1-z; (iii) = 2-x,-y,-z; (iv) = 1+x,y,z; (v) = 1+x,1/2-y,-
1/2+z; (vi) = x,1/2-y,-1/2+z; (vii) = 2+x,1/2-y,-1/2+z; (viii) = 2-x,1-y,-z; (ix) = 2-x,-1/2+y,-1/2-z; (x) = 
1-x,-1/2+y,1/2-z 
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Table 22. π–π interactions in 8. 
 
Cg Cg Cg···Cg [Å] β [°] CgI···perp [Å] 
Cg6 Cg8i 3.839 21 3.58 
Cg6 Cg8ii 4.090 31 3.45 
Cg9 Cg12iii 4.076 22 3.45 
Cg10 Cg11iii 4.116 27 3.85 
Cg10 Cg12iv 3.807 22 3.49 
Symmetry codes: (i) = 1+x,y,z; (ii) = 1+x,1/2-y,-1/2+z; (iii) = x,y,z; (iv) = x,1/2-y,-1/2+z 
 
 
2.2.3.2 Complexes [Hg2(L1)2] (ClO4)4 (9) and [Hg2(L3)2] (ClO4)4 (10) 
Compounds (9) and (10) were synthesized similarly as in the case of (8) by slow 
diffusion of diethylether in MeOH/MeCN (v/v 1:1) solution containing L1 or L3 and 
Hg(ClO4)2 · H2O. Microanalyses of the resultant crystalline products of (9) and (10) were 
consistent with the formation of [MnLn] (n = 1, 2,…) species. The IR spectrum of L1 and 
L3 displays a sharp peak characteristic of the C=N bond at 1628 cm–1 and 1626 cm–1, 
respectively, which shifts slightly to 1633 cm–1 upon complexation of Hg(II). This result 
is consistent with coordination of the imine nitrogen at the metal center. ESI mass 
spectroscopic measurements of CH3OH/DMSO solutions of the complexes point to the 
presence of [HgL2]2+ ion in solution. Unfortunately single crystals of both samples 
provived for X-ray analyses had poor quality but a preliminary structural determination 
was possible (Figure 51). The data are in good agreement with the formation of 
[Hg2(L1)2]2+ (9) and [Hg2(L3)2]2+ (10) species having the typical double helicate structure 
of 8. In both complexes each mercury(II) centre occupies a pseudo-tetrahedral 
environment based on two pyridylimine units from two different ligands. 
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a) 
 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c) 
 
 
 
 
 
 
 
Figure 51. Comparison of the helicates formed between Hg(II) and the ligands L1-L3: a) 
[Hg2(L1)2]2+ (9), b) [Hg2(L3)2]2+ (10) and c) [Hg2(L2)2]2+ (8). 
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2.2.4 Mn(II), Fe(II) and Ni(II) complexes 
2.2.4.1 Complex [Mn2(L1)3](ClO4)4 (11) 
Treatment of an acetonitrile solution of L1 with Mn(ClO4)2·6H2O in methanol in a 3:2 
concentration ratio (L:Mn) followed by slow diffusion of diethylether yielded the orange-
red crystalline complex 11. Mass spectrometric analysis (ESI) in solution shows the 
presence of peaks corresponding to the species [Mn2(L1)3 + ClO4]3+, [Mn(L1)3]2+ and 
[Mn2(L1)3 + (ClO4)2]2+. The molecular structure and atom connectivity of one of the two 
complex enantiomers formed during synthesis is shown in Figure 52 and confirms the 
formation of the expected triple-helical structure. Selected bond lengths and angles are 
listed in Table 23. The asymmetric unit of 11 contains two Mn(II) centres, three ligand 
molecules and four perchlorate anions. 
 
 
 
Figure 52. Structure and numbering scheme of the M-enantiomer of helicate 11. Hydrogen atoms 
and lattice anions are omitted for clarity. 
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Table 23. Selected Bond lengths (Å) and angles (°) for 11. 
 
Mn-N1 2.287(3) Mn-N29i 2.249(3) 
Mn-N8 2.269(3) Mn-N31 2.265(3) 
Mn-N22i 2.255(3) Mn-N38 2.222(3) 
N1-Mn-N8 73.09(11) N38-Mn-N22i 102.46(11) 
N22i -Mn-N29i 73.76(11) N8-Mn-N22i 92.35(11) 
N31-Mn-N38 73.89(11) N8-Mn-N31 94.16(11) 
N1-Mn-N38 168.59(11) N31-Mn-N29i 100.79(11) 
N8-Mn-N29i 157.67(11) N38-Mn-N29i 100.44(11) 
N31-Mn-N22i 172.99(11) N8-Mn-N38 99.59(11) 
N1-Mn-N31 97.57(11) N1-Mn-N29i 88.46(11) 
N1-Mn-N22i 86.80(10)   
Symmetry code: i = -x,y,1/2-z 
 
 
The Mn···Mn separation is 11.47 Å  and the ligands wrap around the two manganese 
centers forming a triple helicate as defined by the Mn1–N8–N22–Mn1, Mn1–N38–N38–
Mn1, and Mn1–N22–N8–Mn1 dihedral angles of 106.5°, 112.3°, and 106.5°, 
respectively. The ligands coordinate Mn(II) in such a manner that the imine and pyridyl 
nitrogens occupy opposite faces. This leads to an arrangement where one pyridyl and one 
imine nitrogen donor atom occupy axial positions, and two pyridyl and two imine 
nitrogen donor atoms occupy equatorial positions. The Manganese centers are both 
pseudooctahedral. The bond lengths around Mn(II) vary in dependence on the donor atom 
type: Mn···N(imine) (2.22-2.27 Å) and Mn···N(pyridyl) (2.25-2.29 Å), and its position: 
Mn···N(equatorial) (2.22-2.25 Å), and Mn···N(axial) (2.26-2.27 Å). The shorter bond 
lengths to the imine nitrogen atom are in accord with its stronger basicity compared to the 
pyridyl nitrogen atoms. There are several intramolecular interactions between the strands 
within the helicate: two pairs of stronger C–H···π interactions (with distances CH···Cg of 
2.73 and 2.99 Å) and two pairs of weaker C-H···π interactions (distances C-H···Cg 3.12 
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and 3.33 Å). The helicates form a 3D network (Figure 53 and 54) based on the 
perchlorate anions via (CH···O) hydrogen bonds with distances (C···O) in the range of 
3.13-3.47 Å (Table 24) and anion–π interactions [108] indicated by O1B–Cg and         
O2C–Cg distances of 3.40 (with pyridine ring) and 3.69 Å (with phenylene ring) 
respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 53. Crystal packing of 11 along the b axis. Perchlorate anions are stacked in the crystal 
lattice. Hydrogen atoms are omitted for clarity. 
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Table 24. D–X···A interactions in 11. 
 
D– X A X···A [Å] D···A [Å] D–X···A [°] 
C11 – H11 O2Ai 2.52 3.44 162 
C11 – H11 O2Bi 2.58 3.40 144 
C23 – H23 O1Dii 2.51 3.00 112 
C43– H43 O1Aiii 2.48 3.35 150 
C2 – H2 Cg6iv 2.99 3.75 137 
C20 – H20 Cg10iv 2.73 3.67 171 
Cl1 – O1B Cg5v 3.40 4.81 167 
Cl2 – O2C Cg6iv 3.69 4.67 128 
Symmetry codes: (i) = 1/2-x,-1/2+y,1/2-z; (ii) = 1/2-x,1/2+y,1/2-z; (iii) = -1/2+x,1/2+y,z; (iv) = -x,y,1/2-z; (v) = 1/2-
x,1/2-y,-z 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 54. Side view of the structure of 11 showing the different weak interactions. Some 
hydrogen atoms are omitted for clarity. 
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2.2.4.2 Complex [Ni2(L2)3](NO3)4 · 2.5H2O (12) 
Reaction of acetonitrile solutions of L2 and Ni(NO3)2·6H2O in a 3:2 ligand to metal 
concentration ratio and followed by slow diffusion of diethylether yielded red single 
crystals of 12. Mass spectrometric analysis (ESI) shows the presence of peaks 
corresponding to [Ni2(L2)3 + NO3]3+, [Ni2(L2)3 + (NO3)2]2+ and [Ni2(L2)3 + (NO3)3]+ 
species. The structure of one of the two complex enantiomers formed during synthesis is 
shown in Figure 55 and confirms the formation of the expected triple-helical structure.  
 
 
 
 
 
 
 
 
 
Figure 55. Structure and numbering scheme of the M-enantiomer of 12. Hydrogen atoms and 
lattice anions are omitted for clarity. 
 
The asymmetric unit of 12 contains two Ni ions, three ligand molecules and four nitrate 
anions. Each nickel(II) centre is bound to three pyridylimine units of different ligands to 
attain a pseudo-octahedral coordination geometry. Coordination to the metal centre forces 
interannular twisting between the phenylene rings and the pyridylimine units with the 
logical consequence of formation of a triple-helical array. The dihedral angles between 
the phenylene and the pyridyl rings in each ligand moiety are in the range 48.73–83.10°. 
The bond lengths and angles are unremarkable (Table 25) and the two nickel(II) centres 
are separated by 11.37 Å. The ligand twists through a half-turn around the metal–metal 
axis leading to a helical pitch of about 22 Å. This lies between the pitches of around 18 Å 
for William’s cobalt triple helicate [109] and 41 Å for Lehn’s nickel triple helicate [4]. 
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Table 25. Selected Bond lengths (Å) and angles (°) for 12. 
 
Ni1-N1 2.08(2) Ni2-N22 2.13(2) 
Ni1-N8 2.11(2) Ni2-N29 2.05(2) 
Ni1-N31 2.10(2) Ni2-N52 2.12(2) 
Ni1-N38 2.11(2) Ni2-N59 2.11(2) 
Ni1-N61 2.07(2) Ni2-N82 2.10(2) 
Ni1-N68 2.11(2) Ni2-N89 2.09(2) 
N1-Ni1-N8 78.8(8) N22-Ni2-N29 79.2(8) 
N31-Ni1-N38 79.1(8) N52-Ni2-N59 78.4(8) 
N61-Ni1-N68 78.6(8) N82-Ni2-N89 79.0(8) 
N1-Ni1-N31 89.6(8) N22-Ni2-N52 96.6(8) 
N1-Ni1-N38 165.4(8) N22-Ni2-N59 172.6(8) 
N1-Ni1-N61 98.1(8) N22-Ni2-N82 99.4(8) 
N1-Ni1-N68 91.7(8) N22-Ni2-N89 91.8(8) 
N8-Ni1-N38 91.5(8) N29-Ni2-N52 91.1(8) 
N8-Ni1-N61 175.1(8) N29-Ni2-N59 95.3(8) 
N8-Ni1-N68 97.5(8) N29-Ni2-N82 174.4(9) 
N31-Ni1-N61 95.7(8) N29-Ni2-N89 95.7(8) 
N31-Ni1-N68 174.3(8) N52-Ni2-N82 94.4(8) 
N31-Ni1-N68 100.5(8) N52-Ni2-N89 170.2(8) 
N38-Ni1-N61 92.3(8) N59-Ni2-N82 86.6(8) 
N8-Ni1-N31 88.1(8) N59-Ni2-N89 93.8(8) 
 
The twisting of the phenylene units results in a chiral aryl-dominated cavity at the centre 
of the helicate with (CH···Cg) distances in a range 2.77–2.89 Å, giving a ‘hole’ with some 
potential to trap small molecules. The helicates form a three-dimensional network  
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(Figure 56 and 57) via (C-H···O) hydrogen bonds of anions with distances (C···O) in the 
range 3.07-3.46 Å (Table 26) and nitrate anion–π interactions [108] indicated by 
O3A···Cg (phenylene), O3B···Cg and O4A···Cg (pyridine) distances of 3.25, 3.82 Å and 
3.75 respectively. No face-to-face π- π stacking interactions are observed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 56. Crystal packing for 12 along the b axis. Nitrate anions (as calotte models) are stacked 
in the crystal lattice. Hydrogen atoms are omitted for clarity. 
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 Table 26. D–X···A interactions in 12. 
 
D– X A X···A [Å] D···A [Å] D–X···A [°] 
C7 – H7 O2Ai 2.50 3.27 138 
C10– H10 O4A 2.39 3.18 139 
C27 – H27 O2Cii 2.50 3.12 122 
C28– H28 O3Aiii 2.51 3.37 151 
C32 – H32 N1 2.61 3.10 112 
C37 – H37 O3Wiv 2.50 3.42 163 
C37 – H37 O5Biv 2.58 3.24 126 
C41 – H41 O1Bv 2.50 3.25 136 
C53 – H53 O1Cvi 2.41 3.26 148 
C65 – H65 O2Cvi 2.51 3.23 133 
C67 – H67 O5Cvii 2.53 3.07 116 
C71 – H71 O2Ci 2.35 3.21 151 
C81 – H81 O3Bviii 2.54 3.46 163 
C86 – H86 O5A 2.57 3.22 126 
C87 – H87 O4Biv 2.45 3.27 145 
C87 – H87 O5Biii 2.42 3.32 157 
C5 – H5 Cg15vi 2.85 3.43 120 
C14 – H14 Cg17ix 2.77 3.71 168 
C32 – H32 Cg7ix 2.93 3.67 136 
C40 – H40 Cg13ix 2.83 3.47 125 
C48 – H48 Cg18ix 2.89 3.63 136 
C78 – H78 Cg14ix 2.88 3.81 170 
C85 – H85 Cg16ii 2.82 3.27 110 
N3A – O3A Cg10x 3.25 3.55 95 
N3A – O3B Cg11ix 3.82 3.95 89 
N4A – O4A Cg9ix 3.77 3.98 91 
Symmetry codes: (i) = x,1+y,z; (ii) = 2-x,1/2+y,1/2-z; (iii) = 1+x,y,z; (iv) = 2-x,2-y,1-z; (v) = 1-
x,1/2+y,1/2-z; (vi) = 1-x,1-y,-z; (vii) =2-x,-1/2+y,1/2-z; (viii) =  1-x,2-y,-z; (ix) =  x,y,z; (x) =  -1+x,y,z 
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Figure 57. Side view of the structure of 12 showing the different weak interactions. a) CH···π and 
nitrate···π interactions, b) hydrogen bond interactions. Some hydrogen atoms are omitted for 
clarity. 
 
2.2.4.3 Complex [Ni2(L5)3](PF6)4 · 0.9H2O (13) and [Fe2(L5)3](PF6)4 (14) 
The reaction of 3 equivalents of L5 with 2 equivalents of NiCl2·6H2O or FeCl2·4H2O in 
methanol under reflux leads to the formation of orange-red and deep purple solutions, 
respectively. From these solutions the complexes [Ni2(L5)3][PF6]4 (13) and 
[Fe2(L5)3][PF6]4 (14) have been isolated after addition of a methanolic solution of 
[NH4][PF6] in high yields ( > 80%). Mass spectrometric analysis (ESI) shows the 
presence of peaks corresponding to [M2(L5)3 + (PF6)3]+, [M2(L5)3 + (PF6)2]2+, [M2(L5)3 + 
(PF6)]3+ and [M2(L5)3]4+. These data are consistent with formation of a dinuclear 
b) 
a) 
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[Ni2(L5)3]4+  and [Fe2(L5)3]4+ cations containing each three ligands acting as a 
dinucleating ligand employing all four nitrogen atoms, and this has been confirmed by X-
ray crystallography. Orange crystals of the nickel(II) complex (13), suitable for X-ray 
diffraction were obtained by slow diffusion of diethylether into an acetonitrile solution of 
the complex while iron complex (14) do not give suitable X-ray quality crystals despite 
multiple attempts. 
 
 
 
 
 
 
 
 
 
Figure 58. Molecular structures of the nickel complex cation [Ni2(L5)3]4+. Hydrogen atoms, 
solvent molecules and anions are omitted for clarity and the (M) enantiomer is shown although 
both enantiomers are present in the structure.  
 
Table 27. Selected Bond lengths (Å) and angles (°) for 13. 
 
Ni1-N1 2.106(7) Ni2-N27 2.187(7) 
Ni1-N8 2.176(7) Ni2-N34 2.115(7) 
Ni1-N35 2.045(7) Ni2-N61 2.129(7) 
Ni1-N42 2.147(7) Ni2-N68 2.088(7) 
Ni1-N69 2.104(7) Ni2-N95 2.120(7) 
Ni1-N76 2.081(7) Ni2-N102 2.062(7) 
N1-Ni1-N8 78.7(3) N27-Ni2-N34 78.6(3) 
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Table 27. continued. 
N35-Ni1-N42 78.8(3) N61-Ni2-N68 77.8(3) 
N69-Ni1-N76 77.9(3) N95-Ni2-N102 78.8(3) 
N1-Ni1-N35 96.8(3) N27-Ni2-N61 95.1(3) 
N1-Ni1-N42 175.2(3) N27-Ni2-N68 170.2(3) 
N1-Ni1-N69 94.3(3) N27-Ni2-N95 95.8(3) 
N1-Ni1-N76 85.4(3) N27-Ni2-N102 92.9(3) 
N8-Ni1-N35 93.6(3) N34-Ni2-N61 83.4(3) 
N8-Ni1-N42 99.5(3) N34-Ni2-N68 93.8(3) 
N8-Ni1-N69 171.4(3) N34-Ni2-N95 172.2(3) 
N8-Ni1-N76 96.4(3)) N34-Ni2-N102 95.8(3) 
N35-Ni1-N69 92.3(3) N61-Ni2-N95 102.8(3) 
N35-Ni1-N76 170.1(3) N61-Ni2-N102 171.7(3) 
N42-Ni1-N69 87.9(3) N68-Ni2-N95 92.3(3) 
N42-Ni1-N76 99.3(3)   N68-Ni2-N102 94.1(3) 
 
The molecular structure of one of the two complex enantiomers of 13 formed during 
synthesis is shown in Figure 58 and confirms the formation of the dinuclear triple-helical 
arrangement. Each Ni(II) centre is bound to three pyridylimine units in the fac 
configuration attaining a pseudo-octahedral coordination geometry. Coordination to the 
metal centre forces interannular twisting between the phenylene ring and pyridylimine 
unit and the consequence is the formation of a triple-helical array Figure 58, both 
enantiomers of which are present in the structures. The pyridyl rings are approximately 
planar with the adjacent imine units (torsion angles in the range of [(–12°) to 1°], and the 
phenylene rings are twisted with respect to that plane (40–64°). The phenylene rings in 
the centre of the helicate are not engaged in edge-to-face π- interactions and this 
behaviour is in constrast to structure related compounds [84, 85, 107]. Intramolecular 
CH···π (2.9 Å) interactions only occur between the pyridyl proton (C70-H70) via a self-
complementary C–H···π interaction with one of the adjacent pyridine rings (Figure 60). 
Bond lengths and angles are all in common ranges (Table 27); the separation between 
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two nickel(II) centres is 10.98 Å being significantly shorter than the corresponding 
distance (~11.5 Å) in the structure related compounds [84, 85, 107]. The space-filling 
model of the present structure (Figure 61) illustrates the nanometer-scale dimensions of 
the complex assembly: width ~2 nm and height ~1.6 nm. In the complex one proton of 
one cyclohexane ring is engaged in an edge-to-face CH··· π interaction (distance CH···Cg 
2.6 Å) and that supports the helicate assembling into a 3D network (Figure 59, 60). From 
this process cavities are resulting in which the solvent molecules and anions are located. 
The PF6⎯ anions make short contacts (Figure 60) with ligand protons (PF···HC = 2.3–2.5 
Å) and aromatic rings (PF···π = 3.4–3.7 Å) (Table 28). No face-to-face π-stacking 
interactions are observed. 
 
Table 28. D–X···A interactions in 13. 
 
D– X A X···A [Å] D···A [Å] D–X···A [°] 
C4 – H4 F12i 2.54 3.30 138 
C16– H16A F15ii 2.49 3.40 154 
C36 – H36 F21i 2.42 3.18 138 
C38– H38 F12iii 2.35 3.25 160 
C65 – H65 F11iv 2.39 3.14 137 
C71 – H71 F36 2.47 3.22 137 
C75 – H75 F44 2.51 3.15 125 
C91 – H91 F15ii 2.52 3.22 131 
C99 – H99 F32iv 2.30 3.04 135 
C101 – H101 F46v 2.39 3.13 136 
C18 – H18A Cg19iv 2.62 3.52 153 
C70 – H70 Cg9vi 2.96 3.75 143 
P2 – F21 Cg7i 3.58 4.74 128 
P2 – F26 Cg9vii 3.69 4.73 122 
P4 – F43 Cg11vi 3.47 4.78 138 
P4 – F46 Cg12viii 3.40 4.94 164 
Symmetry codes: (i) = 1-x,1-y,-z; (ii) = 1+x,-1+y,z; (iii) = x,-1+y,z; (iv) =  2-x,-1/2+y,1/2-z; (v) = 
1+x,1/2-y,1/2+z; (vi) = x,y,z; (vii) = x,1+y,z; (viii) = 2-x,1/2+y,1/2-z 
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Figure 59. Crystal packing for 13 along the a axis. [PF6]⎯ anions, shown as space filling models, 
are stacked in the crystal lattice. Hydrogen atoms and solvent molecules are omitted for clarity. 
 
 
 
 
 
 
 
 
 
Figure 60. Side view of the structure of 13 showing the different weak interactions. Solvent 
molecules and some hydrogen atoms are omitted for clarity. 
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Although this complex 13 and the previously discussed nickel complexes 12 and 
[Ni2(L1)3]·(PF6)4 [84] are structurally quite similar, a detailed comparison (Table 29) 
shows interesting differences, obviously caused by the different linking elements between 
the two pyridylimine arms. Generally, the coordination to the metal centre forces 
interannular twisting between the phenylene rings of the linker and both pyridylimine 
units with the logical consequence of formation of a triple-helical array in these 
complexes, but the twisting of the phenylene units results weak edge-to-face C–H···π 
interactions (distances in a range 2.77–2.89 Å) between the aromatic rings of the spacer 
units of two ligand molecules in 12 and [Ni2(L1)3]·(PF6)4. In case of 13 only one 
intramolecular CH···π (2.9 Å) interaction between two pyridine rings is observed. The 
distance between two nickel(II) centres in 13 (10.98 Å) is significantly shorter than the 
corresponding distances in 12 (11.37 Å) and [Ni2(L1)3]·(PF6)4 (11.58 Å). The angles in 
the linking element between the two bidentate chelating subunits of the ligands in 13 
(~109°) are significant smaller than those of the other nickel complexes (~117° in 12 and 
~116° in [Ni2(L1)3]·(PF6)4). The width of all these triple helicates is almost similar (~2 
nm) while the height of 13 (~1.6 nm) is a bit larger than that of the others (~1 nm). The 
space-filling model of the structures of 12 and 13 (Figure 61) illustrates the nanometer-
scale dimensions of the complex assemblies. The helicates form a three-dimensional 
network via weak hydrogen bonds of anions and anion–π interactions. In addition the 
assembling into a 3D network of 13 is supported by weak edge-to-face CH···π 
interactions between one proton of the cyclohexane ring and a phenylene ring.  
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Table 29. Comparison of the C-X-C angles of the linking group and the size of Ni(II) 
triple helicates. 
Complex cation [Ni2(L1)3]4+ [84] [Ni2(L2)3] 4+ (in 12) [Ni2(L5)3] 4+ (in 13) 
 
C-X-C angles of the 
linking element 
present between 
chelating subunits 
 
 
 
112.83°, 115.98° 
and  115.98° 
 
 
 
115.02°, 117.50° 
and 116.85° 
 
 
 
 
108.73°, 109.97 
and 109.10 
Ni···Ni distances (Å) 11.58 11.37 10.98 
Sizes:       width   
                height 
~ 2 nm 
~ 1 nm 
~ 2 nm 
~ 1 nm 
~ 2 nm 
~ 1.6 nm 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 61. Space-filling representations of the complex cation [Ni2(L2)3]4+ in 12 and [Ni2(L5)3]4+ 
in 13, top: side view, bottom: top view.  The three ligands L are shown in different colours; Ni in 
green and N in light blue. H atoms are omitted for clarity. 
12 
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2.3 DNA binding studies of complexes [Ni2(L5)3](PF6)4 (13) and 
[Fe2(L5)3](PF6)4 (14) 
The hexafluorophosphate salts [Fe2(L5)3][PF6]4 and [Ni2(L5)3][PF6]4 are soluble in 
acetonitrile, ethanol or methanol but not in water. Because DNA binding studies should 
be performed in aqueous solution the hexafluorophosphate helicates have been 
transformed into the corresponding chloride salts [Ni2(L5)3]Cl4 (13’) and [Fe2(L5)3]Cl4 
(14’) which are better soluble in water. 
 
2.3.1 Thermal stability in absence and presence of DNA 
The thermal stability of the compounds was studied by UV-vis absorbance spectroscopy. 
The compounds 13’ and 14’ were dissolved in aerated tris(hydroxymethyl)methylamine 
(Tris) buffer (10 mM Tris, 50 mM NaCl, pH = 7.00) at 25 °C. The changes in absorbance 
were followed at 362 and 577 nm at 90° and 75°C. These temperatures allow the 
monitoring of the triple helicate decomposition at an accessible time scale. During the 
treatment both complexes gradually lost their original colours (orange-red for compound 
13’ and purple for 14’) indicating their decomposition. Although the dissociation of 
Ni(II) and Fe(II) from the triple helicate is reversible, at these low concentrations the 
overall process appears not to be, possibly due to subsequent hydrolysis of the pyridine 
carboxaldimine or oxidation of the metal ions. 
The effect of salmon testes-DNA on the thermal stability of the triple helicates was also 
studied by absorbance measurements at 362 and 577 nm for 13’ and 14’ respectively. 
DNA does not absorb at these wavelengths. The results (Figure 62) indicate that both 
triple helicates were degraded at rising temperature and that the presence of DNA had no 
significant stabilising effect on the complex. 
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               a) 
 
 
 
 
 
 
 
 
 
               b) 
 
 
 
 
 
Figure 62. Thermal stabilities of [Fe2(L5)3]4+ (a) and [Ni2(L5)3]4+ (b) alone (solid) and in the 
presence of salmon testes-DNA (dash) at 10 : 1 base–triple helicate mixing ratio. Concentration 
of salmon testes-DNA was 2 × 10−4 M. Absorbance is measured at 577 nm (a) and 362 nm (b). 
Experiments were carried out in Tris buffer (10 mM Tris, 50 mM NaCl, pH adjusted to 7.00 with 
HCl) at 1 °C min−1 temperature gradient. 
 
 
2.3.2 UV-vis absorption spectroscopy study 
UV-vis absorbance spectra of [Ni2(L5)3]4+ and [Fe2(L5)3]4+ with and without DNA were 
collected at room temperature (Figure 63). The absorbance observed around 330 nm is 
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due to in-ligand transitions, while the bands around 362 nm and 577 nm are characteristic 
of nickel(II) and iron(II) metal ligand charge transfer (MLCT) respectively.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 63. UV-vis spectra of [Fe2(L5)3]4+ and  [Ni2(L5)3]4+ with st-DNA. Titrations were carried 
out in 10 mM Tris buffer and 50 mM NaCl, pH = 6.00 at constant 500 μM concentration of DNA. 
 
The MLCT bands are unperturbed on binding indicating that in each case the integrity of 
the triple helicate is retained on addition to DNA. The MLCT bands in these complexes 
are similar to structure related compounds [84, 91] implying that those transitions are 
localized at the ends of the triple helicate not much perturbed by the linking element      
(–CH2–, –O–, –S– and –C6H10–) present between the two bidentate chelating subunits in 
the ligands, while the in-ligand bands are as expected more sensitive to the electronic 
properties of the spacer. 
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2.3.3 Circular dichroism spectroscopy study 
Circular dichroism (CD, the difference in absorption of left and right circularly polarized 
light) is sensitive only to the asymmetry or chirality of a system [110] Therefore, CD was 
also used to probe binding of the triple helicates to the DNA (Figure 64). The CD of 
DNA has a characteristic pattern from 220 nm to 300 nm, and no signal from 300 nm to 
750 nm. Originally the triple helicates exist as a racemic mixture and give no CD signal. 
Observation of a circular dichroism signal at wavelengths higher than 300 nm, thus 
indicates that the triple helicates interact with the chiral DNA molecule. Titration of the 
racemic iron(II) complex into salmon testes-DNA (300 μM st-DNA; 20 mM NaCl; 1 mM 
sodium cacodylate) led to a strong induced MLCT CD (ICD) signal indicating DNA 
binding (Figure 64) while that of nickel(II) complex don’t show any effect. The induced 
CD spectrum show that [Fe2(L5)3]4+ is interacting with the DNA in a single binding 
mode, which is consistent with major groove binding. Since the triple helicate is a 
racemate, we cannot determine to what extent the ICD could be due to a diastereomeric 
interaction of the M and P enantiomers with the DNA, or to what extent it could be due to 
a chiral perturbation, common to both enantiomers. But the comparison of the present CD 
spectrum (Figure 64) with that of the structure related [Fe2(L1)3]4+ complex [92, 94-96] 
(Figure 65), allows to conclude at a preliminary stage that the M enantiomer of 
[Fe2(L5)3]4+ have a stronger effect than the P enantiomer  because of the close similarity 
with the M enantiomer spectrum of the iron (L1) complex . The DNA-region of the CD 
spectrum is not perturbed significantly at low complex loadings suggesting that the DNA 
geometry is not significantly perturbed. As DNA CD is dominated by local interactions 
of the bases [110] this implies that any structural perturbations induced by the complex 
do not displace the ligands significantly from their nearest neighbor relative orientations. 
The shape of the CD signal below 300 nm confirms that the DNA retains its 
B-configuration throughout the titration. 
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Figure 64. CD spectra of [Fe2(L5)3]4+  with salmon testes-DNA. Mixing ratios DNA base–triple 
helicate are indicated on the figure. Titrations were carried out in 20 mM NaCl and 1 mM sodium 
cacodylic buffer at constant 300 µM concentration of the DNA. 
 
 
 
 
 
 
 
 
 
 
Figure 65. CD spectra of the enantiomers M-[Fe2(L1)3]4+ (solid line) and P-[Fe2(L13]4+ (dashed 
line) [94]. 
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2.3.4 Reactivity with cancer cell lines 
To explore the potential anticancer activity of the new Fe(II) triple helicate 14’, its 
cytotoxicity on human lung cancer A549 cells was evaluated and compared with that of 
cisplatin and the previously reported Fe(II) helicate [Fe2(L1)3]4+ [84]. The study of the 
cell viability at various concentrations of these compounds was investigated and the 
results are reported in Figure 66. All compounds show cytotoxic activity against these 
cells, but a significant difference is observed between both iron(II) triple helicates. At 25 
µM complex concentration, almost all cells died when reacting with 14’ while only 20% 
died in the presence of [Fe2(L1)3]4+. Indeed the activity is quite striking in view of the 
noncovalent nature of its interaction with DNA. The difference in activity of these 
iron(II) triple helicates can be caused by the structural differences of the complexes 
which lead to binding mode changes (see Table 29). 
 
 
 
 
 
 
 
 
 
Figure 66. Results of cell viability tests in dependence on complex concentration. 
 
Although the precise molecular basis of the cellular effects and toxicity of the iron triple 
helicates 14’ and [Fe2(L1)3]4+ remains to be fully elucidated, it is clear from the studies 
that their activities and actions are markedly different from that of cisplatin. On the basis 
of its known noncovalent DNA binding mode, one possible mechanism for the iron triple 
helicates is that these are able to bind to and stall DNA replication forks (a three-way 
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junction structure) [92, 94, 97]. Further research on DNA-binding, mechanism of action, 
biological studies and potential application of these and other triple helicate complexes 
are still in progress to understand the activity of these agents more in detail. 
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3   The bis(2-hydroxyaryl) imine ligand approach 
The coordination chemistry of uranium has been the target of increasing attention 
recently arising from several practical concerns [111-113]. The major interests are the 
reduction of nuclear waste generated as spent reactor fuel [114] together with the 
selective extraction of uranium and other metal ions from seawater, groundwater, soil, 
human beings and waste remediation from actinide decorporation [115-120] as the risk of 
uranium contamination or poisoning has risen considerably as a consequence of the 
expanding use of depleted uranium. Uranium and other actinides are major contributors 
to the long-term radioactivity of nuclear wastes. The separation of actinides from the 
lanthanides is most difficult due to their similar oxidation state and ionic radii [121]. The 
coordination chemistry of the linear UO22+ ion is dominated by between four to six donor 
atoms all occupying equatorial positions resulting in octahedral, pentagonal bipyramidal 
or hexagonal bipyramidal coordination, respectively, for U(VI). Typical hard Lewis bases 
such as F− or O-donors like phenolate O are good ligands for the hard UO22+ ion [117, 
119, 122]. However, the Lewis basicity of uranyl oxo ligands are generally quite weak 
and they very rarely produce, for example, dinuclear complex units by forming an oxo 
bridge between the U(VI) ions [123]. For the specific purpose of uranyl extraction, many 
kinds of ligand systems have been used including organic phosphorus oxides [124], 
crown ethers, azacrowns and calixarenes [125, 126], polyhydroxyaryl compounds [117, 
119, 127], hydroxamic acids [128], and Schiff base ligands [129-131]. It seems in many 
cases though, that these ligands are either too rigid or too flexible for optimal 
complexation as they form uranyl salts or polymeric arrays with weak interactions [115, 
126, 132-135]. The introduction of soft heteroatoms, as imine or pyridyl nitrogen, in the 
ligand system could be used as a tool for more selective and effective binding and 
extraction. Therefore hydroxy-containing molecules possessing N- and O-donor groups, 
where N is present as imine, would be good candidates for selective coordination of 
uranyl ions as they are versatile ligands for various metal ion complexation and contain 
multidentate mixed aza- and oxo-cores and a flexible backbone. Several Schiff base 
ligands were previously used for uranyl complexation [129-131, 136-143]. 
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Bandoli et al. reported in 1973 the crystal structure of an uranyl complex obtained from 
the reaction between UO2Cl2·3H2O or UO2(NO3)2·6H2O with stoichiometric amounts of 
N,N’-ethylenebis(salicylideneimine) (H2salen) [137]. In this structure (Figure 67) the 
geometry around the UO22+ ion is closest to pentagonal bipyramidal with uranium atom 
being bind to the imine nitrogen and deprotonated oxygen atoms of the ligand and to the 
methanol oxygen atom in the fifth equatorial site. 
 
 
 
 
 
 
Figure 67.  Structure of the complex [UO2(salen)(CH3OH)] [137]. 
 
Study made by Evans et al. involved the synthesis of a range of solvent adducts of uranyl 
nitrate with both N,N’-ethylenebis(salicylideneimine) (H2salen) and 
N,N’-propylenebis(salicylideneimine) (H2salpn) ligands, and illustrated how the solvent 
used in the synthesis of these complexes can influence the morphology of the resulting 
crystal structures [141]. The geometry immediately surrounding the uranyl cation is quite 
similar in all cases, with only slight differences observed in the lengths and angles of the 
uranyl bonds. These subtle differences, however, are sufficient to drastically alter the 
packing of each crystal and produce a unique lattice. Two of these structures are 
presented in Figure 68. 
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a) 
 
 
 
 
b) 
 
 
 
 
Figure 68. X-ray crystal structure a) of the monomeric [UO2(t-butylsalen)(py)] and b) of the 
hydrogen-bonded dimer [UO2(salpn)(CH3OH)]2 [141]. 
 
Ikeda and coworkers have utilized H2salophen (XIV) to investigate the molecular 
structures of the corresponding uranyl complexes, [UO2(salophen)(DMF)] and 
[UO2(salophen)(DMSO)] (Figure 69), and that without any unidentate solvent molecule 
(S) (Figure 70) [138]. As a result, the uranyl−salophen complex without S was identified 
as the dimeric compound, [UO2(salophen)]2, in which the [UO2(salophen)] fragments are 
held together by the coordination from one of the oxygen atoms in the phenoxides in 
salophen to the fifth equatorial coordination site of the other [UO2(salophen)] (Figure 70). 
Furthermore, it was demonstrated by UV-vis absorption spectroscopy that the complex 
[UO2(salophen)]2 keeps its dimeric structure even in solutions of noncoordinating 
solvents such as CH2Cl2 and CHCl3 and is equilibrated with [UO2(salophen)S] upon 
addition of free S. The equilibrium constants and the formation enthalpy and entropy of 
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[UO2(salophen)(DMSO)]
N N
OH HO
[UO2(salophen)(DMF)].CH2Cl2 
the equilibrium between [UO2(salophen)S] and [UO2(salophen)]2 were evaluated from 
UV-vis and 1H NMR spectral changes. These thermodynamic parameters suggest 
differences in the coordination abilities of S to [UO2(salophen)] (DMF < DMSO) and 
solvent effects on the formation of [UO2(salophen)]2 (CH2Cl2 < CHCl3). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 69. View of the H2salophen structure (XIV), the asymmetric units of 
[UO2(salophen)(DMF)]·CH2Cl2 and [UO2(salophen)(DMSO)]  [138]. 
 
 
 
 
 
 
Figure 70. Views of the racemic [UO2(salophen)]2 dimers [138]. 
XIV 
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[UO2(XVI)]2 
[UO2(XV)]2
Novel asymmetric Schiff base ligands and their uranyl complexes have been synthesized 
and characterized by Gorden et al. [131]. The structures of the complexes are similar with 
pentagonal bipyramidal geometry around the uranyl cation (Figure 71). The uranyl center 
is coordinated to all the available functional groups of the ligand. Unlike most of the 
reported uranyl complexes, a ligating solvent molecule to complete uranyl coordination is 
not observed in these complexes. Weak intermolecular interactions involving solvent 
molecules, as well as uranyl oxygen atoms, yield a one-dimensional network. Two-phase 
extraction studies of uranyl ions from aqueous media at different pH conditions 
employing XVI indicates better efficiency at higher pH (99%, pH 5) (Figure 72). 
 
 
 
 
 
 
 
 
 
 
Figure 71. Structures of the ligands XV and XVI and their corresponding uranyl complexes 
[131]. 
 
 
 
 
 
 
 
 
XV 
XVI 
N
OH
OH
OH
N
OH
OH
OH
 The bis(2-hydroxyaryl) imine ligand approach 
 
 
 
90 
pH 5 (CHCl3)
pH 4 (CHCl3)
pH 3 (CHCl3)
pH 5 (hexane) 
pH 4 (hexane) 
pH 3 (hexane)
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 72. Graph of percent extraction of UO22+ (4 × 10-3 M) vs time at pH 3−5 in CHCl3 and 
hexane containing XVI (8 × 10-3 M) [hexane:  pH 3 (□), 4 ( ), 5 ( ); CHCl3:  pH 3 (×), 4 (*),     
5 (o)] [131]. 
 
In principle the general coordination motif of neutral uranyl Schiff base complexes 
involve the ligand bound in a tetradentate fashion along the equatorial axis of the uranyl 
ion and a solvent molecule occupying the fifth coordination site in the equatorial position 
[137, 138]. Till now, no uranyl Schiff base complexes with occupied sixth coordinate site 
are reported. 
3.1 Ligands synthesis 
The Schiff base ligands were synthesized by heating amine and the respective aldehyde in 
absolute ethanol or methanol at reflux temperature. The reduction of L8 and L10 by KBH4 
on heating gave L9 and L11 respectively. The yellow Schiff base ligands L6-L8, L10, L12, 
L13 were obtained as solids and the amine ligands L9 and L11 as brown yellow oil in 
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quantitative yields. Schiff base ligands were washed with cold methanol and dried to 
obtain pure compounds. Crude L9 and L11 were dissolved in CHCl3, washed with distilled 
water, and the organic solvent was dried with anhydrous MgSO4 and subsequently 
removed to obtain pure compound. The ligands are stable in air, and soluble in a range of 
solvents. 
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3.2 Characterization of U(VI) complexes 
The uranyl complexes have been obtained in high yields (65-94%) by combining the 
appropriate Schiff base with UO2(NO3)2.6H2O in absolute methanol as orange-red 
precipitate (15-20). Similar reactions of L8 with metal ions such as Cu2+ and Pd2+ 
typically yield binuclear metal complexes [144] while that of L6 and L7 with Cu2+, Co2+ 
and Zn2+ afforded binuclear double helicate structures [107, 145, 146]. The orange-red 
colored crystals of 15, 17, 18 and 20 suitable for X-ray diffraction studies were obtained 
by slow diffusion of diethylether into methanol/acetonitrile solution of UO2(NO3)2 and 
the corresponding ligand. 
 
3.2.1 Complex {[UO2(L6)(NO3)2]}n (15) and {[UO2(L7)(NO3)2]}n (16)    
The assembly of L6 with UO2(NO3)2 in methanol led to the formation of a coordination 
polymer {[UO2(L6)(NO3)2]}n (15) with 1D zigzag structure in high yield. The compound 
was characterized by spectroscopic methods and its structure was deduced from single-
crystal X-ray diffraction analysis. Microanalytical data are consistent with a formulation 
[UO2(L6)(NO3)2] and the ESI-MS indicates the following ion signals in solution: m/z 677, 
[UO2(L6) – H]+; 740, [UO2(L6)(NO3)]+; 1085, [UO2(L6)2 – H]+ corresponding to a 
mononuclear complex which is in agreement with its polymeric nature. Compound 16 
was synthesized in the same way as in the case of 15 using the ligand L7 which differs to 
L6 by the linking element (L6: –O–; L7: –CH2–) between the two bidentate chelating 
subunits. Unfortunately, despite multiple attempts it was not possible to obtain suitable 
single crystals of 16 for X-ray diffraction studies. Nevertheless the microanalytical and 
the ESI-MS data (m/z 675, [UO2(L7) - H]+; 738, [UO2(L7)(NO3)]+; 1081, [UO2(L7)2 -H]+) 
for 16 indicate a similar complex structure as for 15. 1H NMR spectra of both compounds 
show no significant shift of the imine proton CH=N for the free ligands and the metal 
complexes indicating no involvement of the lone pair of this nitrogen atom in metal 
binding. A slight upfield shift of about 0.45 ppm for the proton of the hydroxyl group 
[147] of both complexes when compared to those of corresponding “free” ligand points to 
the coordination of the phenolic oxygen atom with the metal center.  Similarly, in the IR 
spectra of the two complexes (Figure 73, 74), a strong peak around 1640 cm-1 (free 
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ligands 1620 cm-1) indicates a strong interaction of the imine nitrogen with the hydrogen 
of the hydroxyl group as this can also be proved by the appearance of the new peak at 
around 2427 cm-1 in the spectra of the complexes, indicating the ν CH=N…H vibration. 
Coordination through the phenolic hydroxyl unit is shown by the shift in the C-O band 
for uranyl complexes (1385 cm-1) compared to the free ligands (1350 cm-1) [148]. A 
broad peak around 3400 cm-1 is indicative of presence of hydroxyl group. The strong 
bands at 920 cm-1 due to the asymmetric and symmetric UO2 stretching are characteristic 
of linear uranyl ion in the complex [142, 149]. Selected vibrating mode band positions 
are summarized in Table 30. The solid-state structure of compound 15 was solved from 
single crystal X-ray diffraction data. The complex crystallise in space group 
C2/c(\a0\g)0s. The asymmetric unit contains one UO22+ ion, one ligand molecule and two 
nitrate anions. 
 
 
 
 
 
 
 
 
 
Figure 73. IR-spectrum of L6 and {[UO2(L6)(NO3)2]}n (15) in the range of 4000-400 cm−1. 
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Figure 74. IR-spectrum of L7 and {[UO2(L7)(NO3)2]}n (16) in the range of 4000-400 cm−1. 
 
Table 30. IR spectroscopic data of compounds 15-20. 
Vibration frequency ν (cm−1) Intensity†, Band form‡ Assignment [150] 
3433−3428 m, br O−H stretch 
3158−2853 w, sr C−H stretch 
2427 w, sr N−H stretch 
1654−1637 s, sp C=N stretch 
1385 vs, sp O−H deformation  and C−O 
stretch 
921 s, sp U=O stretch 
† vs = very strong, s = strong, m = medium, w = weak 
‡ br = broad, sp = sharp, sr = shoulder 
 
The structure of the complex is shown in Figure 75; selected bond lengths and angles are 
given in Table 31, 32. Each UO22+ is coordinated by two Schiff bases via phenolic OH 
functions and further two bidendate nitrate anions. One Schiff base is coordinated to two 
U(VI) atoms leading to a 1D coordination polymer. No solvent is incorporated into the 
coordination sphere of the uranyl cation.   
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Figure 75. Local coordination environment of UO22+ in 15. Atoms are represented as 50% 
thermal ellipsoids.  
 
Table 31. Selected Bond lengths (Å) and angles (°) for 15. 
 
U-O(1) 1.761(1) U-O(1a) 2.322(1) 
U-O(2) 2.515(1) U-O(3) 2.533(1) 
O(1)-U-O(1) 180.00 O(1a)-U-O(1a) 180.00 
O(1)-U-O(1a) 180.00 O(2)-U-O(3) 49.704(9) 
 
      
Table 32. C–H···A interactions in 15. 
 
C– H A H···A [Å] C···A [Å] C–H···A [°] 
O(1a)–H(1a) N(8) 1.90 2.58 130 
 
The U-OH distances (2.322 Å) are symmetric and typical for structure related complexes   
[131, 138, 140, 141, 151]. The two nitrate anions bonds bidentately with U-O distances 
between 2.515 and 2.533 Å to the UO2 unit and occupy the four additional coordination 
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sites around the uranyl center. It is interesting to note that the imine nitrogen atoms do not 
bind the UO22+ ion but form strong hydrogen bonds to the OH group with N···H bond 
distances of about 1.90 Å. The approximate coordination sphere around the U(VI) ion is 
distorted  hexagonal-bipyramidal with axial O=U=O moiety and six oxygen atoms in 
equatorial position. The U=O distances and O=U=O angles in 15 (av. 1.76 Å; 180°) are 
in agreement with distances and angles reported for similar uranyl compounds [131, 138, 
140, 152]. In 15 a one-dimensional chain of a ‘chair’ like conformation is observed 
(Figure 76) as the second 2-hydroxyarylimine arm of the adjacent ligand are present on 
the opposite site of the coordination plane. Such a distortion can be due to the high 
separation distance between the two phenolic binding sites of the corresponding ligand 
compared to the ligands L8-L13 and the polymeric nature of the complex. Figures 77 show 
the packing diagram of 15. 
 
 
 
 
 
 
 
 
Figure 76. Chair-like ligand arrangement around UO22+ in the complex 15. 
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a) 
 
 
                                                                     b) 
 
Figure 77. Crystal packing for {[UO2(L6)(NO3)2]}n (15): a) along the a axis; b) along the 
c axis. 
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3.2.2 Complexes [UO2(L8)(NO3)2] (17), [UO2(L10)(NO3)2] (18), [UO2(L12)(NO3)2] (19) 
and [UO2(L13)(NO3)2] (20) 
Complexes 17-20 were synthesized as describe above. These compounds were 
characterized by spectroscopic methods and their molecular structures were determined 
by single-crystal X-ray diffraction analyses. Microanalytical and ESI-MS data are 
consistent with the formulation [UO2(L)(NO3)2]. In 1H NMR spectra, no significant shift 
is observed for the imine proton (CH=N) between the free ligands and the corresponding 
metal complexes, again indicating no interaction of the lone pairs on nitrogen with the 
metal center. A slight upfield shift of about 0.45 ppm of conjugated hydroxyl group 
through an aromatic ring with the azomethine linkage [147] in all these complexes when 
compared to those of corresponding “free” ligand can be due to the coordination of the 
phenolic oxygen with metal center.  Similarly, in their IR spectra (Figure 78–81), a strong 
peak around 1645 cm-1 (free ligands 1630 cm-1) indicates a strong interaction of the imine 
nitrogen with the hydrogen of the hydroxyl group as this can also be proved by the 
appearance of the new peak at around 2427 cm-1, indicating the (ν CH=N…H) vibration. 
Coordination through the phenolic hydroxyl unit is shown by the shift in the C-O band 
for uranyl complexes (1385 cm-1) compared to the free ligands (1350 cm-1) [148]. 
 
 
 
 
 
 
 
 
 
Figure 78. IR-spectrum of L8 and [UO2(L8)(NO3)2] (17) in the range of 4000-400 cm−1. 
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Figure 79. IR-spectrum of L10 and [UO2(L10)(NO3)2] (18) in the range of 4000-400 cm−1. 
 
 
 
 
 
 
 
 
 
 
Figure 80. IR-spectrum of L12 and [UO2(L12)(NO3)2] (19) in the range of 4000-400 cm−1. 
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Figure 81. IR-spectrum of L13 and [UO2(L13)(NO3)2] (20) in the range of 4000-400 cm−1. 
 
A broad peak around 3400 cm-1 is indicative of presence of hydroxyl group. The strong 
bands at 920 cm-1 due to the asymmetric and symmetric UO2 stretching are characteristic 
of linear uranyl ion in the complexes [142, 149]. Selected vibrating mode band positions 
are summarized in Table 30. The electronic spectra of the ligands L8, L10, L12, L13 and 
their complexes in acetonitrile at nearly neutral pH are shown in Figure 82. A slightly 
shift of the characteristic bands in the spectra of these compounds compared to those of 
the free ligands signify the formation of the uranyl complexes. At extreme pH condition, 
a significant change is observed with the absence of characteristic peak due may be to the 
complex hydrolysis [140]. The absorption bands for the ligands around 300 nm are due to 
the π-π* transition of the imine group [148]. The modification of the bands in the 
complexes is due to the LMCT (5f ← oxygen 2p). The solid-state structures of 
compounds 17, 18 and 20 were solved from single crystal X-ray diffraction data and 
confirmed by DFT calculation. Compounds 17 and 20 crystallise in space group P–1 
while 20 crystallise in space group C2/c but all these complexes possess similar 
asymmetric units which contains one UO22+ ion, one ligand molecule and two nitrate 
anions. 
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Figure 82. Absorption spectra of ligands L8, L10, L12, L13 and their uranyl complexes 17−20 
(5.10-5 M) in MeCN, pH = 5.5. 
 
The structures of these complexes are shown in Figure 83–85 and selected bond lengths 
and angles are given in Table 33. The UO22+ ion is coordinated by the phenolic OH 
functions of the ligands and two nitrate ions. No solvent is incorporated into the 
coordination sphere of the uranyl cation.  Similar coordination has been observed in 
[UO2(NO3)2(salpn)], (salpn = N,N’-propylenebis(salicylidenimine)) [141]. The U-OH 
distances in 17 (2.311 and 2.324 Å), 18 (2.345 and 2.358 Å) and 20 (2.335 and 2.385 Å) 
are asymmetric and typical for structure related complexes [131, 138, 140, 141, 151]. The 
two nitrate anions bonds bidentately to the UO2 unit and occupy the four additional 
coordination sites around the uranyl center.  
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Figure 83. An ORTEP diagram for the asymmetric unit of 17. Thermal ellipsoids are shown at 
the 30% probability level. 
 
 
 
 
 
 
 
 
 
 
Figure 84. An ORTEP diagram for the asymmetric unit of 18. Thermal ellipsoids are shown at 
the 30% probability level. 
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Figure 85. An ORTEP diagram for the asymmetric unit of 20. Thermal ellipsoids are shown at 
the 50% probability level. 
 
Table 33. Selected Bond lengths [Å] and angles [°]. 
 
[UO2(L8)(NO3)2] (17)  
U-O(8) 1.760(2) U-O(1) 2.324(1) 
U-O(9) 1.763(2) U-O(26) 2.311(2) 
U-O(2) 2.519(2) U-O(5) 2.579(3) 
U-O(3) 2.575(2) U-O(6) 2.596(3) 
O(8)-U-O(9) 178.09(11) O(1)-U-O(26) 75.49(9) 
O(1)-U-O(8) 90.19(9) O(26)-U-O(8) 85.91(10) 
O(1)-U-O(9) 90.64(8) O(26)-U-O(9) 95.96(8) 
O(2)-U-O(3) 49.25(7) O(5)-U-O(6) 48.02(11) 
 
[UO2(L10)(NO3)2] (18) 
U-O(7) 1.750(3) U-O(10) 2.358(3) 
U-O(8) 1.739(4) U-O(9) 2.345(3) 
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Table 33. continued. 
U-O(2) 2.504(3) U-O(4) 2.519(4) 
U-O(3) 2.544(3) U-O(5) 2.547(4) 
O(7)-U-O(8) 178.63(17) O(9)-U-O(10) 71.27(12) 
O(10)-U-O(7) 88.69(13) O(9)-U-O(7) 86.77(14) 
O(10)-U-O(8) 91.74(13) O(9)-U-O(8) 94.60(15) 
O(2)-U-O(3) 50.32(11) O(4)-U-O(5) 50.3(11) 
 
[UO2(L13)(NO3)2] (20) 
U-O(3) 1.765(3) U-O(2) 2.335(2) 
U-O(4) 1.763(3) U-O(1) 2.385(3) 
U-O(5) 2.570(3) U-O(8) 2.509(3) 
U-O(6) 2.546(3) U-O(9) 2.534(3) 
O(3)-U-O(4) 179.34(13) O(1)-U-O(2) 71.63(9) 
O(2)-U-O(3) 93.34(11) O(1)-U-O(3) 92.30(12) 
O(2)-U-O(4) 86.73(14) O(1)-U-O(4) 88.34(12) 
O(5)-U-O(6)   49.48(9) O(8)-U-O(9) 50.16(11) 
      
 
Table 34. D–H···A interactions in 17, 18 and 20. 
 
D – H A H···A [Å] D···A [Å] D–H···A [°] 
 
[UO2(L8)(NO3)2] (17)  
O(1)–H(1) N(9) 1.98 2.62 134 
O(26)–H(26) N(18) 1.94 2.67 149 
C(3)–H(3) O(9) 2.45 3.20 138 
C(8)–H(8) O(5)i 2.48 3.29 145 
C(19)–H(19) O(2)ii 2.56 3.25 132 
C(23)–H(23) O(3)iii 2.60 3.38 142 
C(10)–H(10B) Cg(1)i 2.61 3.54 162 
C(17)–H(17A) Cg(3)ii 2.86 3.74 152 
C(22)–H(22) Cg(1)iv 3.05 3.84 143 
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Table 34. continued. 
 
[UO2(L10)(NO3)2] (18) 
O(10)–H(10) N(21) 1.81 2.57 150 
O(9)–H(9) N(12) 1.85 2.60 149 
C(2)–H(2) O(8) 2.51 3.30 141 
C(11)–H(11) O(3)v 2.35 3.17 144 
C(13)–H(13B) O(3)v 2.58 3.45 146 
C(22)–H(22) O(6)vi 2.46 3.39 168 
C(25)–H(25) O(6)vi 2.54 3.48 171 
C(6)–H(6) Cg(3)vii 2.71 3.55 148 
C(13)–H(13A) Cg(1)v 2.70 3.40 127 
C(20)–H(20B) Cg(5)vi 2.92 3.80 148 
 
[UO2(L13)(NO3)2] (20)       
O(1)–H(1A) N(12) 1.99 2.60 128 
O(2)–H(2A) N(21) 1.88 2.58 139 
C(2)–H(2) O(3) 2.45 3.23 140 
C(11)–H(11) O(6)v 2.59 3.45 150 
C(20)–H(20A) O(8)viii 2.60 3.40 138 
C(13)–H(13B) Cg(1)v 2.83 3.68 145 
C(13)–H(13B) Cg(2)v 2.96 3.90 160 
Symmetry codes: (i) = −x,1−y,1−z; (ii) = 1−x,−y,2−z ; (iii) = −x,1−y,2−z; (iv) = −x,−y,2−z; (v) = −x,1−y,−z; 
(vi) = 1/2−x,−1/2+y,1/2−z; (vii) = −x,y,1/2−z; (viii) = 1−x, 2−y,1−z 
 
The nitrate oxygen atoms are at the range distance of 2.519-2.596 Å (17), 2.504-2.547 Å 
(18) and 2.509-2.570 Å (20) from the U atom. The imine nitrogen atoms do not form a 
bond with the U(VI) ion but acts as a base accepting a phenolic proton via a strong 
hydrogen bond interaction with N···H bond distances of about (1.98 and 1.94 Å), (1.81 
and 1.85 Å) and (1.88 and 1.99 Å) in 17, 18 and 20 respectively and increasing the 
distortion of the geometry around the uranyl moiety. The neutral form of the ligand 
allows the nitrate anions to remain coordinated to the uranyl cation without disturbing the 
charge balance. The approximate coordination spheres around the U(VI) ion are distorted  
hexagonal-bipyrimidal with axial O=U=O moiety and six oxygen atoms in equatorial 
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position. However, the plane of the six coordinated oxygen atoms resembles a four-
coordination plane if the nitrate group is taken as a single donor as the oxygen atoms of 
the nitrate ions and the uranium ions (O-U-O) only form very small angles (48.0 and 
49.3°) (17), (50.3°) (18) and (49.5 and 50.2°) (20). The U=O distances and O=U=O 
angles in 17 (av. 1.76(2) Å; 178°), 18 (av. 1.75(4) Å; 179°) and 20 (av. 1.76(3) Å; 179°) 
are typical of the corresponding distances and angles reported for similar uranyl 
compounds [131, 138, 140, 152]. The terminal aryl groups are present in these complexes 
on one side of the plane with a ‘boat’ like appearance (Figure 86). Such a conformation 
has been reported for various mononuclear uranyl Schiff base complexes and attributed to 
the strong interaction of the ligand with the uranyl metal, which forces the ligand to 
conform to the coordination geometry of the metal [138, 153]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 86. Distortion of the structures observed in the backbone of 17, 18 and 20. 
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20 
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Extensive weak interactions are observed in 17, 18 and 20 as some nitrate oxygen atoms 
bridge adjacent molecules in their extended structures through hydrogen bond 
interactions in a range of  2.48-2.60 Å (17), 2.35-2.58 Å (18) and 2.59-2.60 Å (20) (Table 
34). Also, weak intramolecular hydrogen bond interactions are observed between one of 
the uranyl oxygen and one hydrogen atom (adjacent to the binding OH group); the 
distances C–H···O=U (C···O) are 3.20 Å, 3.30 Å and 3.23 Å in 17, 18 and 20 respectively. 
Similar interactions have been described in hydrated oxides of U(VI) where the uranyl 
oxygen are weakly associated with the water molecules present in the inter layer [154]. In 
17, 18 and 20, molecules are stacked together via relatively strong π-π {3.64 Å (17), 
3.76-3.79 Å (18), 3.61-3.79 Å (20) and CH-π {2.61-3.05 Å (17), 2.70-2.92 Å (18), 2.83-
2.96 Å (20)} interactions (Figure 87–90). The geometrical details of the π-π interactions 
are listed in Table 35. 
 
Table 35. π–π interactions in 17, 18 and 20. 
 
Cg Cg Cg···Cg [Å] β [°] CgI···perp [Å] 
 
[UO2(L8)(NO3)2]  (17) 
Cg3 Cg3i 3.644 9 3.60 
 
[UO2(L10)(NO3)2] (18) 
Cg1 Cg1ii 3.757 22 3.48 
Cg1 Cg2 ii 3.790 25 3.49 
 
[UO2(L13)(NO3)2] (20) 
Cg2 Cg2iii 3.794 22 3.53 
Cg4 Cg5 iv 3.926 18 3.42 
Symmetry codes: (i) = 2-x, 2-y, -z; (ii) = -x, y,1/2-z; (iii) = -x, -y, -z; (iv) = 1-x, 1-y, 1-z 
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Figure 87. Crystal packing for 17 showing the different π-π and CH-π interactions. 
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Figure 88. Crystal packing for 17 showing the hydrogen bond interactions. 
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Figure 89. Crystal packing for 18 showing the different π-π and CH-π interactions. 
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Figure 90. Crystal packing for 20 showing the different π-π, and CH-π interactions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Characterization of U(VI) complexes 
 
 
 
112
3.2.3 DFT calculation 
In addition to the structural studies of the UO2(NO3)2 complex with ligand L8 (= complex 
17) some DFT calculations have been performed in methanol as solvent. The goal was to 
model the structure of a possible complex between UO22+ and the deprotonated ligand L8 
and to compare these results with the structure and the relative Gibbs energy of the 
corresponding complex with the neutral ligand L8. The calculated structures M1-M4 are 
given in Figure 91.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 91. Calculated structures of the uranyl complexes with the neutral (M1, M2) and the 
deprotonated ligand L8 (M3, M4) optimized in CH3OH at the B3LYP level. 
M1 M2
M3 
M4
more stable by 172.2 kJ/mol 
more stable by 101.5 kJ/mol
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The studies show that in case of the neutral ligand the complex M1, [UO2(L8)(NO3)2], 
with an analogous coordination pattern as the crystalline complex 17 is more stable than 
M2 fixing the uranyl species in the pseudoring of L8 by binding through the imine 
nitrogen atoms and the oxygen donors of the OH function. The relative Gibbs energy 
difference between both forms is 184.4 kJ/mol. M3 and M4 are modelled uranyl complex 
structures with the twofold negatively charged deprotonated ligand L8. In this case a 
neutral chelate complex can be formed and additional nitrate anions do not stabilize the 
structure. Therefore the formation of the complex M4 with the formula [UO2(L8-2H+)] is 
favoured with 172.2 kJ/mol. Table 36 shows bond lengths and angles for the complexes 
M1-M4 calculated by DFT. These results are in good agreement with the crystallographic 
data discussed above. 
 
Table 36. Bond lengths [Å] and angles [°] of calculated UO22+ complexes with the 
neutral and the deprotonated ligand L8. 
 
 L8 (neutral) L8 (deprotonated) 
 M1 M2 M3 M4 
U-Oax 1.776, 1.782 1.755, 1.757 1.791, 1.792 1.787, 1.792 
U-Onit 2.611, 2.615 
2.613, 2.615 
-- 2.666, 2.742 
2.763, 2.764 
-- 
U-O 2.322, 2.324 2.434, 2.434 2.212, 2.237 2.215, 2.217 
U-N -- 2.542, 2.544 -- 2.641, 2.646 
O-H 1.856, 1.860 0.991, 0.991 -- -- 
N-H 1.021, 1.022 -- -- -- 
 
According to the Mulliken population analysis, uranium in M1 and M2 has nearly the 
same net population in all of s, p, d, and f orbitals. They are s 4.23 (4.22), p 11.98 (11.93), 
d 11.86 (11.81), and f 2.52 (2.49) for M1 (M2). However, a further detailed analysis of 
the data reveals that the f population has breakdown of 5fσ 0.38 (1.03), 5fπ 1.01 (1.11), 
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5fδ 0.81(0.12), and 5fφ 0.32 (0.22) for M1 (M2). There are much larger contribution from 
5fσ and 5fδ in M2 and M1, respectively. Among the MOs near the HOMO (highest 
occupied MO) in M2, the 5fσ contribute mainly to the HOMO-10 (tenth orbital below the 
HOMO). This MO has anti-bonding character with respect to the UO22+ unit (as shown in 
Figure 92) and does not contribute to the uranium-ligand binding. The 5fδ in M1, on the 
other hand, also contribute little to chemical bond because of its non-bonding nature. 
From the above Mulliken population analysis, we see no decisive reason why M1 is 
favoured over M2. Therefore we further analyzed the MOs of M1 and M2. Among a set 
of MOs near the HOMO in M1, HOMO-1 contribute largely to the π bond between U 
and oxygen of OH, and HOMO-8 and HOMO-9 contribute to the π bond between U and 
nitrate ligands (Figure 93). On the contrary, among the twenty MOs between HOMO and 
HOMO-20 in M2, none of these MOs contributes to the U to ligand oxygen π bond. 
U(VI) at the ligand periphery like in M1 have a stronger uranium to ligand interaction 
and therefore that is the more stable form of the complex.  
 
 
 
 
 
 
 
 
Figure 92. The molecular orbital HOMO-10 in M2. The isovalue of the plot is 0.02 a.u. 
 
 
 
Figure 93. The molecular orbitals near the HOMO in M1. From left to right, HOMO-1, HOMO-
8, and HOMO-9. The isovalue of the plot is 0.02 a.u. 
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3.3 Liquid-liquid extraction studies of Eu3+ and UO22+ with selected 
ligands 
Liquid-liquid extraction was used to characterize the phase transfer properties of the 
ligands towards Eu(III) and U(VI) using the extraction system Eu(NO3)3 or UO2(NO3)2–
NaNO3-buffer–H2O/ ligand–CHCl3.  
This technique plays an important role in analytical chemistry, in separation and 
purification processes as well as in the hydrometallurgical metal winning from primary 
and secondary resources [155-157]. In addition, the liquid-liquid extraction can also be 
used for characterization of complex formation in solution [158-161]. However, there is a 
significant difference between the complex formation equilibrium in the homogeneous 
single-phase and the extraction equilibrium in the complicated heterogeneous two-phase 
system [162]. In that case the quantitative analysis becomes difficult because additional 
processes in both phases possess a decisive influence on the equilibrium [163-165]. 
The extraction of a metal ion with a neutral ligand can be described according to the 
following simplified scheme (Figure 94).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 94. Schematic representation of cation extraction by neutral ligands. 
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Generally, the extraction equilibrium is expressed according to the equations (1) and (2) 
 
                                                                              Kex 
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−+                                               (2) 
 
To minimize the influence of changes of the activity coefficients on the equilibrium 
constant Kex [Eq. (2)], it is necessary to work at a nearly constant ionic strength in both 
phases. Therefore a large excess of the counter ion and of the organic ligand was used for 
the experiments.  
                                       
As shown in Figure 94, the extraction equilibrium can be divided into three individual 
equilibria: the distribution of the free ligand with KL [Eq. (3)], the complexation in the 
aqueous phase with +n
sML
K [Eq. (4)], and the distribution of the extracted complex with 
KMLsAn [Eq. (5)]. 
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The dissociation of the metal complex (MLsAn) in the organic phase with low polar 
solvents can be neglected. Then the extraction equilibrium constant Kex [Eq. (6)] can be 
described also by these three individual equilibrium constants: 
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L
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                                                         (6) 
 
The characterization of the phase transfer of a metal ion Mn + is experimentally accessible 
through the distribution ratio DM [Eq. (7)] or the percentage extraction E [%] [Eq. (8)], 
also known as extraction yield or degree of extraction. 
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Considering that there are no other extraction species and that the activity coefficients are 
approximately constant, equations (9) and (10) can be deduced from (2) and (7). 
 
 
                                                DM = s )org(
n
)w(ex ]L[]A[K ⋅⋅
−                                                 (9) 
 
 
                                     lgDM = )org()w(ex ]Llg[s]Alg[nKlg ⋅+⋅+
−                                 (10) 
 
Using the equation (10) the coefficients (s) and (n) can be determined from plots of 
corresponding experimental data in lg DM - lg [L](org) or lg DM - lg [A-] diagrams. These 
stoichiometric coefficients give the number of ligand molecules and anions bound in the 
extracted complex. 
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The Figures 95 and 96 give an overview of the extractabilities of UO22+ and Eu3+ for all 
the ligands studied at comparable experimental conditions. It is clearly shown that the 
ligands possess a remarkable selectivity for U(VI) over Eu(III). Especially the amine 
ligands L9 and L11 allow a high extraction of UO22+ (Figure 95, 96). The time for 
achieving the extraction equilibrium is above 1 h (Figure 96).  The significant lower 
extractabilities for the Schiff bases are obviously caused by the weaker basicity of the 
imine nitrogen donors and the resulting lower complex stability of the UO22+ complexes.  
 
 
 
 
 
 
 
 
 
 
            
 
 
Figure 95. Percentage of metal ion extraction by L8–L13. [L] = 1 x 10−2 M in CHCl3, [U(VI)] = 
[Eu(III)] = 1 x 10−4 M, [NaNO3] = 5 x 10−3 M, pH = 5.2 (HEPES/HNO3 buffer), shaking time 60 
min, T = 23 ± 1°C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 96. Time dependence of U(VI) extraction with L8 and L9. [L] = 1 x 10−2 M in CHCl3; 
[U(VI)] = 1 x 10−4 M, [NaNO3] = 5 x 10−3 M, pH = 5.2 (HEPES/HNO3 buffer), T = 23 ± 1°C, t = 
10–720 min. 
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Results of studies on the extraction of U(VI) with L8 and L9 in dependence on the pH are 
presented in Figure 97. It is clearly shown that the extraction yields for both ligands 
significantly rise with increasing pH. The maximum extraction is reached between pH 7 
and 8. This trend is in agreement with a changing protonation state of the ligands in 
dependence on the pH, which is obviously caused by both the deprotonation of the OH 
(L8 and L9) and amine (L9) functions. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 97. Extraction of U(VI) with L8 and L9 as a function of pH. [L] = 1 x 10−2 M in CHCl3, 
[U(VI)] = 1 x 10−4 M, [NaNO3] = 5 x 10−3 M, pH = 2–6 (HEPES/HNO3 buffer), pH = 6−9 
(HEPES/NaOH buffer), shaking time 60 min, T = 23 ± 1°C. 
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R = H, Cl and Br 
4   The tripodal imine and amine ligand approach 
Tripodal multifunctional N-donor ligand systems have been proved to form stable 
lanthanide (Ln) and actinide (An) complexes and become a promising ligand system for 
effective separation of An(III) over Ln(III) [166-173].  
Tripodal heptadentate amine ligands with hydroxyl groups (XVII) (Figure 98) react with 
a series of lanthanide (Ln) nitrates to yield two different types of complex structures (type 
A and B in Figure 98) [166]. Type A dinuclear complexes are obtained in the presence of 
a base (hydroxide or acetate), while type B complexes are obtained from the reaction of 
lanthanide nitrate with one equivalent of the ligand. Type C structures are formed from 
the structure analogous Schiff bases. There are two ways to prevent the dimerization in 
case of type B: one is the introduction of bulky groups at 3-position of the aromatic rings 
and the other is the increase of the length of the three “chelating arms”. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 98. Structures of tripodal heptadentate amine ligands XVII and their corresponding 
complex types A and B with Ln(III). For comparison the complex type C is given showing the 
typical structure of relating Schiff base complexes with Ln(III) [166]. 
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Reaction of N,N,N’,N’-tetrakis(2-methylpyridyl)-ethylenediamine ligand (TPEN) (Figure 
99) with lanthanide (Ln) metal ions such as La(III), Nd(III), Eu(III), Tb(III) and Y(III) in 
a water/ethanol mixture lead to isostructural compounds [Ln(TPEN)(NO3)2]NO3·3H2O 
[167]. The crystal structures of these complexes show that the metal ions are ten-fold 
coordinated, with six nitrogen donors from the TPEN ligand and four oxygen atoms from 
two nitrate anions (Figure 99). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 99. Structure of TPEN and its corresponding 1:1complex with La(III) [167]. 
 
 
Wietzke et al. reported the synthesis and the molecular structure of the first U(III) 
complex with the heptadentate tripodal aromatic amine tris[(2,2’-bipyridin-6-
yl)methyl]amine (tbpa), [U(tbpa)(I)2]I·py, and those of the related lanthanum(III) 
complex [La(tbpa)(H2O)(ClO4)](ClO4)2·2CHCl3·MeOH [168]. The replacement of the 
iodide ion and of the four “thf” ligands of the starting complex [UI3(thf)4] by the 
heptadentate tbpa results in an increased reactivity towards oxygen and water. The crystal 
structure of this U(III) complex consists of complex cation-anion pairs and one pyridine 
molecule connected by hydrogen bonding to three different cations and one anion. The 
U(III) achieves a coordination number of 9 with tbpa and two iodide anions leading to a 
capped square antiprismatic coordination geometry while the La(III) has a coordination 
number of 10 with tbpa, one water molecule and a bidentate perchlorate anion as ligands 
(Figure 100). 
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[U(tbpa)(I)2]I·py 
[La(tbpa)(H2O)(ClO4)](ClO4)2·2CHCl3·CH3OH 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 100. Structure of tbpa and its corresponding U(III) and La(III) complexes [168]. 
 
The complexation of Ln(III) by the tripodal ligands tris[(2-pyridyl)methyl]amine (tpa) 
and tris[(2-pyrazinyl)methyl]amine (tpza) (Figure 101) has been investigated by Wietzke 
et al [169]. The crystallographic studies show that both ligands, tpa and tpza, form 1:1 
complexes in which the tripodal amine acts as a tetradentate ligand. For the tpa 
complexes the remaining coordination sites are occupied by chloride ions to give 
sevenfold coordination (Eu, Tb, Lu) (Figure 101) or by chloride ions and a methanol 
molecule to give eightfold coordination(Nd). In [Nd(tpza)(H2O)3(CH3CN)3](ClO4)3·3H2O 
(Figure 101) the remaining coordination sites are occupied by water and acetonitrile 
molecules to give tenfold coordination while the perchlorate ions remain non-
tbpa 
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[Eu(tpa)Cl3] [Nd(tpza)(H2O)3(CH3CN)3]3+ 
coordinated. The tpza complexes, isolated from acetonitrile solution, dissociate 
completely in methanol, while the complexes of the more basic tpa can be isolated from 
methanol; they exist in water in equilibrium with the free ligand. Solvent extraction 
studies of lanthanides(III) and actinides(III) from nitric acid solutions show that the 
ligand tpza is, in contrast to tpa, a selective extractant for An(III) ions (Table 37). 
Considering their structural analogy, this difference could be explained in terms of the 
electronic differences between the two ligands resulting in a stronger affinity of tpza to 
An(III) ions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 101. Structures of tpa and tpza ligand and their complexes [Eu(tpa)Cl3] and 
[Nd(tpza)(H2O)3(CH3CN)3]3+ [169]. 
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Table 37.  Distribution ratios DM and separation factors SF for Am3+ and Eu3+ extraction 
with tpa and tpza ligands [169]. 
ligand c (L) 
 (mol/l) 
c(HNO3) 
(mol/l) 
DAm(III)a DEu(III) SFAm/Eub 
tpa 0.001 0.012 0.25 0.13 1.9 
 0.001 0.014 0.22 0.12 1.8 
 0.001 0.015 0.22 0.13 1.6 
tpza 0.02 0.009 4.60 0.43 10.8 
 0.02 0.06 0.004 0.0004 10.0 
 0.001 0.011 0.46 0.13 3.5 
 0.001 0.013 0.44 0.16 2.7 
 
aThe distribution ratio DM for a metallic cation M is defined as the ratio of the concentration of the metallic species in 
organic phase (1 M TPH) over the concentration in aqueous phase. The error of the measure of DM was estimated to be 
5%.b The separation factor SFM1/M2 for two metal cations M1 and M2 is defined as the ratio of their distribution ratios. 
The error of the measure of SF was estimated to be 10% 
 
 
Selective separation of Am(III) from Ln(III) with a synergistic extraction system, 
N,N,N’,N’-tetrakis(2-methylpyridyl)-ethylenediamine (TPEN) in presence of lipophilic 
carboxylic acids with 1-octanol as organic solvent, have been done by Watanabe et al. 
[170]. They found that this extraction system allows not only the selective separation of 
Am(III) from Ln(III) but also the utilization of the more applicable and acceptable 
organic solvent 1-octanol. In the case of n-decanoic acid, the separation factor for the pair 
Am(III)/Eu(III) is about 84 at pH 4.3 (Figure 102). This result confirms the possibility to 
separate efficiently Am(III) from lighter Ln(III) under such conditions. In the case of n-
octanoic acid the separation factor even increases and reaches about 123.  
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Figure 102. The dependence of the distribution ratios DM on the equilibrium pH for Am(III) and 
Eu(III) using the synergistic extraction system TPEN/n-decanoic acid [170]. 
 
 
A further possibility to solve the problem of Ln(III)/An(III) separation is the use of chiral 
tripodal amine ligands as extractants. One example is shown in Figure 103 using the 
chiral tris(pyridylmethyl)amines (R)-1, (R,R)-2, and (R,S)-2 [172, 173]. This separation 
system is characterized by a remarkably high selectivity towards An(III) over Ln(III) 
driven by the chiral ligands and hydrophobic counter anions. To assess the effects of the 
ligand structure on the separation factors of An(III), combinations of the tripodal ligands 
with three different counter anions, picric acid (Pic), n-decanoic acid (Dec), and 2-
bromodecanoic acid (Br-Dec), have been investigated. Table 38 shows the results. A 
combination of the chiral ligands and 2-bromodecanoic acid gave an enhanced extraction 
performance with pronounced selectivity for Am(III) in comparison with Eu(III). 
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Figure 103. Structures of chiral tripodal amine ligands studied in view of an An(III)/Ln(III) 
separation [172, 173]. 
 
 
Table 38.  Distribution ratios for the Am(III) and Eu(III) extraction with chiral ligands in 
presence of various counter anionsa [173]. 
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4.1 Ligand syntheses 
4.1.1 Synthesis of tripodal imine and amine ligands (L14-L20) 
Ligands L14-L20 have been synthesized according to the published method of Naiini et al. 
[174] in a two step reaction procedure. First the preparation of the Schiff base by 
refluxing tris(2-aminoethyl)amine and the respective aldehyde or ketone in absolute 
ethanol or methanol and the second step was the reduction of the corresponding Schiff 
bases with KBH4. The Schiff base ligands were obtained as yellow solids and no further 
purification was necessary, their amines (L14-L18, L20) were brown yellow oils isolated in 
high yields. The crude products were dissolved in CH2Cl2, washed with distilled water, 
and the organic solvent was dried with anhydrous MgSO4 and subsequently removed to 
obtain pure compounds. The ligands are stable in air, and soluble in a range of solvents. 
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4.1.2 Synthesis of di(2-picolyl)amine ligands (L21-L23) 
Ligands L21-L23 were prepared by N-alkylation of 2,2’-dipicolylamine with 
m-xylylenedibromide (L21), 2,6-di(chloromethyl)pyridine (L22) and 
2,4,6-trichloro-[1,3,5]triazine (L23). Solutions containing m-xylylenedibromide, 
2,6-di(chloromethyl)pyridine or 2,4,6-trichloro-[1,3,5]triazine and di-2-picolylamine 
were refluxed in acetone and concentrated to give brown products which were dissolved 
in water and extracted with chloroform. The organic layer was dried over MgSO4 and the 
solvent removed under reduced pressure to give brown oily substances. 
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4.2 Synthesis and characterization of U(VI), Nd(III), Eu(III) and 
Yb(III) complexes 
4.2.1 U(VI) Complexes with L21, L22 
Reaction of L21 or L22 with UO2(NO3)2.6H2O in a MeOH/MeCN mixture (v/v 1:1) gave 
brown-orange solutions of complexes 21 and 22. Crystallization was not successful 
despite multiple attempts. The ESI mass spectroscopy was used to characterize the 
solution complexes. ESI spectra show the presence of signals corresponding to 
[UO2(L21)(NO3)]+ and  [UO2(L21)(NO3) + MeOH]+ at m/z = 833 and 864 for 21 and 
[UO2(L22)(NO3) + MeOH]+ at m/z = 865 for 22 respectively (Figure 104). These data are 
consistent with the formation of complexes with a 1:1 metal to ligand ratio. The 
experimental and theoretical isotopic distribution patterns are identical in both cases 
(Figure 104). 
a) 
 
 
 
 
b) 
 
 
 
Figure 104. ESI–MS spectra showing the different isotopic patterns in 21 (a) and 22 (b). 
Theoretical model of [UO2(L22)(NO3) + MeOH]+ is shown in (c). 
[UO2(L22)(NO3) + MeOH]+ 
[UO2(L21)(NO3) + MeOH]+[UO2(L21)(NO3)]+ 
c) 
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4.2.2 Nd(III), Eu(III) and Yb(III) complexes 
Reaction of Eu(NO3)3.5H2O or Nd(NO3)3.H2O in acetonitrile with ligand L21 in 
dichloromethane and slow diffusion of diethylether afforded yellow precipitates of 
[Eu(L21)(NO3)3] (23) and [Nd(L21)(NO3)3] (24) complexes in high yields. X-ray quality 
crystals of these complexes have not been obtained. The ESI mass spectroscopy was used 
to characterize these complexes. The ESI spectra (Figure 105, 106) show the presence of 
signals corresponding to [Eu(L21)(NO3)2]+ and  [Eu(L21)(NO3)3 + H]+ at m/z = 777 and 
840, respectively, for 23 and  [Nd(L21)(NO3)2]+ and [Nd(L21)(NO3)3 + H]+ at m/z = 766 
and 829, respectively, for 24. As expected, again these data are consistent with the 
formation of complexes with a 1:1 metal to ligand ratio. The experimental and theoretical 
isotopic distribution patterns are identical in both cases (Figure 105, 106).  
          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 105. ESI–MS spectrum of 23 and theoretical model of [Eu(L21)(NO3)3 + H]+. 
 
[Eu(L21)(NO3)3 + H]+ 
[Eu(L21)(NO3)2]+ 
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Figure 106. ESI–MS spectrum of 24 and theoretical model of [Nd(L21)(NO3)2]+. 
 
 
The Eu(III) and Yb(III) nitrate complexes of L23 were synthesized by stirring one 
equivalent of L23 with one equivalent of metal salt in MeCN for 30 min. The white 
crystalline products [Eu(L23)(NO3)3] (25) and [Yb(L23)(NO3)3] (26) were isolated by 
slow evaporation of the initial reaction mixture at room temperature. Unfortunately 
crystals were not useful for X-ray analysis. Microanalytical data for these compounds 
were consistent with a formulation of [Mn(L23)n(NO3)3n] and the ESI mass spectroscopy 
was additionally used to characterize the complexes. Analysis of methanolic solutions of 
the complexes show the presence of the species [Eu(L23)2(NO3)]2+ and  [Eu(L23)(NO3)2]+ 
at m/z = 780 and 949 respectively for 25 and  [Yb(L23)(NO3)2]+ at m/z = 970 for 26 
(Figure 107). These data point at the formation of 1:1 and 1:2 (Metal:Ligand) complexes 
for L23 with Eu(III) and a 1:1 complex for for L23 with Yb(III). The experimental and 
theoretical isotopic distribution patterns are identical in both cases (Figure 107).  
 
[Nd(L21)(NO3)2]+ 
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Figure 107. ESI–MS spectra of [Eu(L23)(NO3)3] (25) and [Yb(L23)(NO3)3] (26) and theoretical 
model of [Eu(L23)(NO3)2]+ and [Yb(L23)(NO3)2]+. 
 
4.3 Liquid-liquid extraction studies of Eu(III) and U(VI) with selected  
ligands 
Liquid-liquid extraction was used to characterize the phase transfer properties of the 
tripodal ligands L14–L23 towards Eu(III) and U(VI). The studies were perfomed using the 
extraction system Eu(NO3)3 or UO2(NO3)2–buffer–H2O/ ligand–(co-ligand)–CHCl3 with 
the aim of search for structure-binding and structure-extraction relationships.  
The time required to reach the extraction equilibrium was determined for selected ligands 
(Figure 108). This study shows that the extraction of Eu(III) practically was not 
influenced by the shaking time while the necessary time for the U(VI) extraction was 
quite different in dependence on the ligand type used. Especially the sterically hindered 
tripodal systems L17 and L19 need a longer time to achieve the equilibrium.   
 
[Eu(L23)(NO3)2]+ [Yb(L23)(NO3)2]+ 
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Figure 108. Time dependence of Eu(III) (a) and U(VI) (b) extraction with selected ligands.  
[L] = 1·10−2 M in CHCl3; [Eu(III)] = [U(VI)]= 1·10−4 M, [NaNO3] = 5·10−3 M, pH = 5.2 
(HEPES/HNO3 buffer), T = 23 ± 1°C, t = 5–45min (a), 10min–9h (b). Octanoic acid (1·10−2 M) 
was added in the case of Eu(III). 
 
a) 
 
b) 
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The results of the extraction experiments both in the absence and presence of octanoic 
acid (RCOOH) as co-ligand are illustrated in Figure 109. At pH 5.4 in the absence of 
octanoic acid, the ligand series show almost no Eu(III) extraction efficiency. Only the L22 
gives 9% Eu(III) extraction in opposition extraction yields between 31 to 97% for U(VI) 
were observed for L14–L23. 
 
 
 
 
 
 
 
 
 
Figure 109. Percentage of metal ion extracted by L14–L23 without and with addition of octanoic 
acid (*). [Eu(NO3)3] = [UO2(NO3)2] = 1·10–4 M, [NaNO3] = 5·10–3 M, pH 5.4 (MES/NaOH 
buffer); [L] = 1·10–2 M, (*) [Octanoic acid] = 1·10–2 M in CHCl3; shaking time 1 h; T = 23 ± 1 °C. 
 
In a second run of experiments, octanoic acid (1 × 10–2 M) was added to the organic 
phase under otherwise identical experimental conditions to those used above; the 
extraction behaviour for each of the ligands is also summarised in Figure 109. With the 
addition of one equivalent (relative to L) of octanoic acid the extraction of Eu(III) is 
markedly increased in almost all cases (e.g. from 0 to 81% in the case of L16 and from 9 
to 73% in the case of L22); the U(VI) extraction get >90%  in most cases. The ligands L20 
and L23 do not show any Eu(III) extraction both in the absence and presence of octanoic 
acid. This study has shown that the distribution ratios of U(VI) were significant higher 
than the corresponding data of Eu(III). This tendency reflects the fact that all these 
ligands favour U(VI) over Eu(III) extraction. Parallel ‘control’ experiments (involving 
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the absence of the ligand but at the same concentration of octanoic acid) were performed; 
under these conditions the metal extraction was negligible ≤ 1% for both cations. 
Therefore one important conclusion of this study is that a pronounced synergistic effect is 
characteristic for nearly all examples.  
Uranyl complex form on extraction with L18 was characterized by ESI mass 
spectroscopy. The spectrum revealed the presence of peaks (Figure 110) corresponding to 
[UO2(L18) – 3H]– and  [UO2(L18)(NO3) – 2H]– at m/z = 731 and 794 respectively. These 
data point at the formation of 1:1 (Metal/Ligand) complexes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 110. ESI–MS spectra showing the abundant isotopic patterns of the U(VI) complex 
formed on extraction by L18: a) experimental, b) theoretical. 
 
[UO2(L18) – 3H]– [UO2(L18)(NO3) – 2H]– 
a) 
b)
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Additional experiments were made to check the influence of the counter anion on Eu(III) 
extraction with L15, L16 and L21 testing nitrate, picrate, carboxylate and related mixtures. 
Figure 111 shows an overview of the extraction percentage for the ligands studied. It is 
noted that in the absence of octanoic acid no Eu(III) extraction was observed. In contrast 
to that the presence of octanoic acid has a pronounced synergistic effect on the extraction. 
Especially in case of L16 but also for L15 the Eu(III) extraction power strongly increase. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 111. Extraction of Eu(III). [Eu(NO3)3] = 1 × 10–4 M, [NaNO3] = [HPic]= 5 × 10–3 M, pH 
5.4 (MES/NaOH buffer); [L] = 1 × 10–2 M, [RCOOH] = [Octanoic acid] = 1 × 10–2 M in CHCl3; 
shaking time 1 h; T = 23 ± 1 °C. 
 
In a further set of experiments the stoichiometries of the extracted species were analysed 
by undertaking the extraction of Eu(III) (at 1 × 10–4 M) under variation of the ligand 
concentrations (5 × 10–3 to 2.5 ×10–2 M) in the presence of a fixed concentration of 
octanoic acid (1 × 10–2 M).  
For each of the selected ligand log DM was plotted against log cL. The results at pH 5.4 
show that linear relationships occur (Figure 112); the slopes range between 0.6 and 2.8 
(Table 39) pointing to the formation of 1:1, 1:2 and 1:3 (metal:ligand) species with 
varying ratios during extraction.  
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Figure 112. Extraction of Eu(III) as a function of ligand concentration. [Eu(III)] = 1 x 10-4 M, 
[NaNO3] = 5 x 10-3 M, pH 5.4 (MES/NaOH buffer); [Ligand] = 5 x 10-3 M···2.5 x 10-2 M in 
CHCl3; T = 23 ± 1 °C. 
 
An investigation of the above type has been carried out to probe the influence of octanoic 
acid on the extraction. The octanoic acid concentration was varied over the range 5 × 10–3 
to 2.5 × 10–2 M while the other concentrations were held constant. The results also show 
linear relationships (Figure 113). In this case the ratios Eu(III) : octanoic acid also vary 
from 1:1 to 1:3 (Table 39). This suggests that, under the conditions employed, the species 
extracted contain a different number of octanoic acid molecules coordinated per Eu(III) 
metal centre. This fact is obviously caused by the different structure and the resulting 
steric demand of the chelating ligand molecules used. 
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Figure 113. Extraction of of Eu(III) as a function of co-ligand concentration. [Eu(III)] = 1 x 10-4 
M, [NaNO3] = 5 x 10-3 M, pH 5.4 (MES/NaOH buffer); [RCOOH] = 5 x 10-3 M …2.5 x 10-2 M in 
CHCl3; T = 23 ± 1 °C; RCOOH = octanoic acid. 
 
 
Table 39. Slopes of the plots obtained for Eu(III) extraction using selected ligands with 
and without addition of octanoic acid in dependence of ligand and co-ligand 
concentration (results based on Figure 112 and 113). 
 
Ligand Slopes at varied ligand 
concentration  
Slopes at varied co-ligand 
(octanoic acid) concentration  
L15 1.5 3.1 
L16 2.8 1.8 
L17 1.7 2.2 
L18 1.3 — 
L21 1.2 1.1 
L22 0.6 0.8 
 
Further information about the extraction equilibrium was obtained in view of the pH 
influence on the extraction of Eu(III) and U(VI) by selected ligands. The results of these 
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studies are presented in Figure 114. With increasing pH, the extractabilities of these 
ligands increase. The maximum extraction is reached between pH 6.5 and 7.0 for Eu(III) 
and  between pH 4.5 and 5.5 for U(VI). This trend is in agreement with the changing 
protonation state of the ligands, which is influencing both the lipophilicity of the 
compound and the availability of the donor functions.  
 
 
 
 
a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
Figure 114. Extraction of a) U(VI) and b) Eu(III) with selected ligands as a function of pH. [L] = 
1 x 10−2 in CHCl3; [U(VI)] = [Eu(III)] = 1 x 10−4 M, [NaNO3] = 5 x 10−3 M, pH = 2 − 6 
(HEPES/HNO3 buffer), pH = 6 − 9 (HEPES/NaOH buffer), T = 23 ± 1°C. 
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5 Conclusions 
It was the intention of this work to use self-assembly processes to construct 
supramolecular architectures based on metal-ligand interactions. The structures formed 
strongly depend on the used metal ion, the ligand type, the chosen counter ion and solvent 
as well as on the experimental conditions. The focus of the studies was the design of 
multifunctional N-donor ligands and the characterization of their complexing and 
structural properties. This work was divided into three distinct main parts: The bis(2-
pyridylimine), the bis(2-hydroxyaryl) imine and the tripodal imine / amine ligand 
approach. 
 
In the first part a series of bis(2-pyridylimine) derivatives having different linking 
elements (Figure 115) were employed as building blocks for novel supramolecular 
architectures. Reaction of individual d-block metal salts with these ligands has led to the 
isolation of coordination polymers, {[AgL1](ClO4)·CH3CN}n 1 and 
{[AgL2]ClO4·CH2Cl2}n 2, a metallamacrocycle, ([Ag2(L2)2](ClO4)2 3, double-stranded 
helicates, [Hg2(L2)2(ClO4)3(H2O)2]ClO4·CH3CN 8, [Hg2(L1)2](ClO4)4 9 and 
[Hg2(L3)2](ClO4)4 10, triple-stranded helicates, [Mn2(L1)3](ClO4)4 11, 
[Ni2(L2)3](NO3)4·2.5H2O 12, [Ni2(L5)3](PF6)4·0.9H2O 13 and [Fe2(L5)3](PF6)4 14, as well 
as of circular meso-helicates [175], [CuL1(SO4)]6·24H2O 4, [CuL2(SO4)]6·24H2O 5, 
[CuL3(SO4)]6·24H2O 6 and [Cu6(L2)3(L3)3(SO4)6]·24H2O 7 (Figure 115). 
The X-ray structure analyses of the bis(2-pyridylimine) ligands L1, L4 and L5 have been 
performed. Although these ligands exhibit an imine E configuration the conformations of 
the two halves of the molecule differ considerably from one ligand to the other. So the 
angles of the linking elements existing between the two bidentate chelating subunits vary 
in the order: L4 >L2 >L1 >L5. The ligand molecules L2, L4 and L5 are packed in the 
crystal through weak hydrogen bonds and edge-to-face CH-π interactions while in L1 no 
weak interactions are observed. 
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Figure 115. Overview of structurally characterized metal complexes with bis-(2-pyridylimine) 
ligands. 
 
 
{[AgL1](ClO4)·CH3CN}n 1,{[AgL2]ClO4·CH2Cl2}n 2, [Ag2(L2)2](ClO4)2 3 
The self-assembly of Ag(I) with the ligands L1 and L2 leads to the formation of two 
coordination polymers 1 and 2 and one discrete molecular box 3. The nature of the spacer 
in the Schiff base ligands, the noncovalent weak interactions, such as face-to-face π-π and 
edge-to-face CH-π interactions, are all important factors influencing the architecture of 
the final products. In 1 and 2, the anions and the solvent molecules are bridging the 
chelate units to form coordination networks. In case of 3 the change of the solvent from 
CH2Cl2 to CH3OH results a quite different structure compared to 2. 
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[CuL1(SO4)]6·24H2O 4, [CuL2(SO4)]6·24H2O 5, [CuL3(SO4)]6·24H2O 6 and 
[Cu6(L2)3(L3)3(SO4)6]·24H2O 7 
The unusual hexanuclear meso-helicates 4, 5, 6 and 7 are, to the best of our knowledge, 
first examples of nanometer-scaled neutral circular helicates fully self-assembled around 
Cu(II) under the influence of H-bonding and π-π stacking interactions. Topological 
control of the assembly process is clearly associated with the bidentate coordination of 
the sulfate anion which directs the formation of a double- rather than a triple-stranded 
helicate around the octahedrally coordinated Cu(II). Surprisingly, the variation of the 
linker function in the ligands L1-L3, which significantly changes the linking angle of the 
pyridylimine strands, has only a little influence of the resulting structure. Also the use of 
a mixture of ligands L2 and L3 does not influence the meso-helicate topology; the result is 
the symmetrically mixed meso-helicate 7. 
 
[Hg2(L2)2(ClO4)3(H2O)2] ClO4·CH3CN 8, [Hg2(L1)2] (ClO4)4 9 and [Hg2(L3)2] (ClO4)4 10 
The ligands L1–L3 react with Hg(ClO4)2 to yield the dinuclear double-stranded helicates 
8, 9 and 10 where each Hg(II) centre occupies a pseudo-tetrahedral environment based on 
two pyridylimine units from two different ligands. In 8 each Hg(II) centre weakly interact 
with H2O molecules and ClO4⎯ anions. Considering these weak interactions, each Hg(II) 
centre will be coordinated by 7 donor atoms and resulting in a distorted pentagonal 
bipyramidal coordination geometry. The phenylene rings of the diarylether spacer show 
face-to-face π-π stacking with the adjacent ligand strand. These interactions are probably 
a consequence of the constraints imposed upon the ligands if they are coordinated to the 
mecury centre. All helical complexes are packed in the crystal through a combination of 
several weak intra- and intermolecular interactions leading to a 3D arrangement.  
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[Mn2(L1)3](ClO4)4 11, [Ni2(L2)3](NO3)4·2.5H2O 12, [Ni2(L5)3](PF6)4·0.9H2O 13 and 
[Fe2(L5)3](PF6)4 14 
The reactions of L1 with Mn(ClO4)2, L2 with  Ni(NO3)2 and L5 with NiCl2 or FeCl2 
yielded in each case the dinuclear triple-stranded helicates 11-14 where both metal 
centres have a pseudooctahedral coordination geometry based on three pyridylimine units 
from three different ligands. Coordination to the metal centre forces interannular twisting 
between the phenylene rings of the linkers and the pyridylimine units with the logical 
consequence of a triple-helical array formation. The twisting of the phenylene units 
results weak edge-to-face C–H···π interactions between the aromatic spacers for 11 and 
12 but not for 13. Only one intramolecular CH···π interactions between two pyridine rings 
is observed in 13. The distance  between two nickel(II) centres in 13 (10.98 Å) is 
significantly shorter than the corresponding metal···metal distance in 11 (11.47 Å) and  12 
(11.37 Å). The angle of the linking element present between the two bidentate chelating 
subunits of the ligands in 13 (~109°) is smaller than that of the other metal complexes 
(~116° in 11 and ~117° in 12). The width of all these triple helicates is almost similar (~2 
nm) while the height of 13 (~1.6 nm) is a bit larger than that of the others (~1 nm). The 
helicates form a three-dimensional network via weak H-bonds of the anions and 
additional anion–π interactions. The self-assembly into the 3D network of 13 is 
furthermore supported by weak edge-to-face CH···π interactions including the 
cyclohexane ring. 
The new iron(II) triple helicate 14 in its chloride form binds strongly to DNA as shown 
by CD spectroscopy. The induced CD spectrum gives some evidence that [Fe2(L5)3]4+ 
interacts with the DNA in a single binding mode, which is consistent with major groove 
binding.  
The cytotoxicity of the new iron(II) triple helicate 14’ was evaluated on human lung 
cancer A549 cells and compared with that of cisplatin and that of the previously reported 
iron(II) triple helicate [Fe2(L1)3]4+ [84]. The first results show some distinguishing 
features for 14’ obviously caused by the existing structural differences of the complexes.  
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In the second part of the thesis, novel uranyl complexes of the bis(2-hydroxyaryl) imine 
ligands L6–L8, L10, L12 and L13 have been synthesized and characterized. With L6 and L7 
1D coordination polymers, {[UO2(L6)(NO3)2]}n 15 and {[UO2(L7)(NO3)2]}n 16,  are 
formed while those with the other ligands afforded mononuclear structures, 
[UO2(L8)(NO3)2] 17, [UO2(L10)(NO3)2] 18, [UO2(L12)(NO3)2] 19 and [UO2(L13)(NO3)2] 
20. In all complexes a distorted hexagonal bipyramidal coordination geometry around the 
uranyl centre is observed. The imine nitrogen atoms of the ligands do not bind to the 
metal centre but interact strongly with the hydroxy group via H-bonding. DFT 
calculations made with L1 are in good agreement with the X-ray crystal structure data. 
Liquid-liquid extraction studies involving ligands L8-L13 and Eu(III) or U(VI) indicate 
remarkably high selectivity for U(VI) over Eu(III) at weak acidic pH conditions. We 
believe that the study made opens up new possibilities for uranyl ion extraction which 
could be interesting in view of the treatment of nuclear waste. 
 
In the third part of the thesis, a series of multifunctional tripodal ligands with different N-
donor centres (L14–L23) were used for U(VI) and lanthanide, Nd(III), Eu(III) and Yb(III), 
binding and extraction. Reaction of these metal ions with selected tripodal ligands 
afforded complexes which were characterized by ESI mass spectroscopy. The complex 
composition was found to be 1:1 in all cases. 
The extraction behaviour of the tripodal ligands towards Eu(III) and U(VI) was studied 
both in the absence and presence of octanoic acid as co-ligand using the extraction 
system Eu(NO3)3 or UO2(NO3)2–buffer–H2O/ ligand–CHCl3. These separation systems 
show a remarkably high selectivity for U(VI) over Eu(III). It is interesting to note that the 
addition of the octanoic acid to the extraction system leads to high synergistic effects. A 
series of Eu(III) extraction experiments were done to clarify the composition of the 
extracted complexes. The results clearly point to the formation of various species with 
changing composition. 
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6 Experimental 
6.1 Analytic methods 
1H and 13C NMR Spectroscopy 
The 1H and 13C NMR were carried out in the Organic Chemistry Department at the 
Technical University of Dresden. They were recorded on Bruker Avance DRX-500 
spectrometer operated at 500 MHz and 126 MHz respectively with DMSO-d6 and 
CHCl3-d1 as solvents with tetramethylsilane as the reference. The following 
abbreviations were used to indicate the multiplicity of the signals: s = Singulet, d = 
Doublet, dd = double Doublet, t = Triplet, q = Quartet, m = Multiplet. 
 
Mass Spectrometry 
The electrospray ionization mass spectrometry (ESI-MS) analyses were also carried out 
in the Organic Chemistry Department at the Technical University of Dresden. The 
measurements were performed on a Bruker ESQUIRE mass spectrometer coupled 
together with a Hewlett & Packard HPLC system. Methanol was used as mobile phase 
and if necessary, 0.5 mmol / l of ammonium acetate were added to the sample solutions. 
The ionization was carried out by the electron spray method (ESI). The following 
abbreviations were used to assignment the m / z values: 
[M]     = Molecular mass of the compound 
[M + H]+-ion    = Molecular mass of the compound in the positive ion 
                                                   spectrum 
[M − H]−-ion    = Molecular mass of the compound in the negative ion  
                                                   spectrum  
[L + metal ion + anion]+-ion  = Molecular mass of the complex species with ligand L 
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Elemental Analyses 
Elemental analysis of compounds 8 and 10 were carried out at the Max Planck Institute 
for Chemical Physics of Solids Dresden. C, H, N and O contents of these samples are 
determined by the carrier-gas-hot-extraction- and combustion-method using the following 
analyzer instruments: LECO TCH 600, LECO RH 400, LECO TC 436 DR/5 and LECO 
C-200 CHLH. The determination of the Cl amount succeeds via oxidative combustion 
connected with ion chromatography (CIC) on AQF-100, GA-100, WS-100 (Mitsubishi 
Chemical, a1 envirotech) combustion unit and ICS-1000 (Dionex) ion chromatograph. 
The Hg amounts are quantitatively analyzed by ICP-OES technique using the 
spectrometer Varian VISTA. The analyses of all other samples were carried out on a 
Carlo Erba (EA 1108) Analyser in the Organic Chemistry Department at the Technical 
University of Dresden. 
 
Differential Thermal Analyses (DTA) and Thermogravimetric Analyses 
Thermal analyses (DTA/TG) of 4-6 samples were carried out in the Inorganic Chemistry 
Department at the Technical University of Dresden using the NETZSCH STA 409 
thermal analysis instrument. Samples for analysis were introduced to the aluminium 
oxide tube (empty tube takes as reference). The measurements were made on static air in 
the temperature range of 30-600 °C with 5 °C·min-1 heating rate and analyzed by 
applying the program from NETZSCH (Proteus 4.0 beta, NETZSCH-Gerätebau). Weight 
changes in TG curves and temperature difference in DTA curves gives information on 
reactions and decompositions. 
 
IR Spectroscopy 
The IR data were recorded as KBr pellets on a BioRad Excalibur FTS 3000-Spectrometer 
in the range 400-4000 cm-1 in the Inorganic Chemistry Department at the Technical 
University of Dresden. The IR spectra were used to obtain either structure information or 
“finger prints”. 
  Experimental 
 
 
  
147
UV-Vis Spectroscopy 
All UV data were collected using a Perkin Elmer type Lambda 25 double 
canal-spectrophotometer in the range 200-1000 nm. 
 
CD Spectroscopy 
Circular dichroism spectra were collected in 1 cm path length cuvettes (280–850 nm) 
path length cuvettes using a Jasco J-810 spectropolarimeter. Spectroscopic titrations were 
performed in which CD and UV-vis absorbances spectra were collected. Titrations were 
carried out at constant concentrations of DNA (300 μM), NaCl (20 mM) and sodium 
cacodylate buffer (1 mM). The DNA–metal complex ratio was decreased during the 
titration series by incrementing the concentration of metal complex in the cuvette from 0–
37.5 µM. Titrations were performed so as the concentration of DNA, NaCl and buffer in 
the cuvette remained unaltered. 
 
Time-Resolved Laser-Induced Fluorescence Spectroscopy (TRLFS) 
Fluorescence measurements were carried out by use of a spectrometer system described 
elsewhere [176]. The ligands L1 and L2 were dissolved in CH3OH. The total 
concentration of the ligand was 1·10-5 mol·dm-3. The fluorescence of solutions with 
increasing concentration of added CuSO4 were measured. The ligand to Cu(II) ratio was 
varied from 10:1 to 1:5. The fluorescence of the non-complexed ligand was excited by 
130 fs laserpulses at 266 nm. The repetition rate of the laser system was 1 kHz. The 
emitted fluorescence was focussed into a 270 mm spectrograph (Acton Research) and the 
spectrum was measured by an intensified CCD (charged coupled device) camera 
(LaVision). The gate of the camera system was set to be 120 ps and the observed 
wavelength range was set from 300 nm to 510 nm. The range for time-resolved 
measurements was limited from 0 to 30000 ps with steps of 100 ps. 
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6.2 Chemicals 
All reagents and solvents were purchased from commercial sources and used without 
further purification. Dry methanol was prepared by distillation and stored over 3-4 Å 
molecular sieves. 
 
6.3 Synthesis 
6.3.1 Ligands synthesis 
In general the analytical control of the reaction progress was made by thin layer 
chromatography (TLC) using TL-silica gel 60 F 254 aluminium foil from Merck. The 
detection wavelength for UV-active substances was 254 nm. If necessary the quantitative 
separation of the reaction products was carried out by column chromatography on silica 
gel SG60 (0.063-0.200 mm) (Merck) with defined eluent volume ratios. 
 
Bis[4-(2-pyridylmethyleneimino)phenyl]methane (L1) 
L1 was synthesized according to the published method of Hannon et al. [84]. 
4,4'-Methylenedianiline (1 g, 5.04 mmol) and pyridine-2-carbaldehyde (1.25g, 11.67 
mmol) were mixed in dry methanol (25 ml) and refluxed for 2 h. The ligand precipitates 
from the reaction mixture as pale yellow solid (1.68 g), isolated by filtration and dried 
under vacuum. Crystals of L1 are shown in Figure 116. 
 
 
 
 
 
 
Figure 116. Crystal photograph of L1 
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Yield 1.68 g, 88% 
C25H20N4   376.45 g.mol−1 
Calc.[%]  C 79.76, H 5.35, N 14.88 
Found [%]   C 79.82, H 5.29, N 14.93   
ESI-MS (MeOH) m/z = 377 [L1 + H]+ 
 
1H-NMR (500 MHz, (CD3)2−SO, 25 °C, TMS): δ [ppm] = 8.72 (d, J = 4.8 Hz, 2H, H8), 
8.60 (s, 2H, H4), 8.15 (d, J = 7.9 Hz, 2H, H5), 7.95 (t, J = 7.7, 8.7 Hz, 2H, H6), 7.52 (dd, 
J = 6.0, 7.2 Hz, 2H, H7), 7.33 (dd, J = 8.5 Hz, 8H, H2,3), 4.02 (s, 2H, H1)  
 
IR Spectroscopy data  
Vibration frequency ν (cm−1) Intensity†, band form‡ Assignment [150] 
3433 s, br C−Hph stretch 
3054−3984 w, sr C−Hpy stretch 
2923 w, sr C−Him stretch 
2853 w, sr C−Hali stretch 
1628 m, sp C=Nim stretch  
1504−1435 m, sp C−Carom stretch 
1204−1015 w, sr C−Npy stretch 
† vs = very strong, s = strong, m = medium, w = weak 
‡ br = broad, sp = sharp, sr = shoulder 
 
 
Bis[4-(2-pyridylmethyleneimino)phenyl]ether (L2) 
L2 was synthesized in the same way as in the case of L1 by refluxing a methanolic 
solution of bis(4-aminophenyl)ether (1 g, 5 mmol) and pyridine-2-carbaldehyde (1.5g, 14 
mmol). The green solid obtained (1.72 g) was filtered off and dried under vacuum. 
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Yield 1.72 g, 91% 
C24H18N4O  378.43 g.mol−1 
Calc.[%]  C 76.17, H 4.76, N 14.81 
Found [%]   C 76.19, H 4.83, N 14.87   
ESI-MS (MeOH) m/z = 379 [L2 + H]+, 411 [L2 + MeOH + H]+,  
          433 [L2 + MeOH + Na]+ 
 
1H-NMR (500 MHz, (CD3)2−SO, 25 °C, TMS): δ [ppm] = 8.72 (d, J = 4.7, 2H, H7), 8.60 
(s, 2H, H3), 8.16 (d, J = 7.9 Hz, 2H, H4), 7.96 (ddd, J = 1.5, 1.4, 1.5 Hz, 2H, H5), 7.53 
(dd, J = 5.6, 5.9 Hz, 2H, H6), 7.44 (ddd, J = 3.3, 6.7, 3.3 Hz, 4H, H2), 7.12 (ddd, J = 3.3, 
6.7, 3.3 Hz, 4H, H1)  
 
IR Spectroscopy data  
Vibration frequency ν (cm−1) Intensity†, band form‡ Assignment [150] 
3430 m, br C−Hph stretch 
3047−2980 w, sr C−Hpy stretch 
2925−2874 w, sr C−Him stretch 
1625 m, sp C=Nim stretch  
1495−1434 s, sp C−Carom stretch 
1240−1198 s, sp C−O stretch 
1163−1008 w, sp C−Npy stretch 
† vs = very strong, s = strong, m = medium, w = weak 
‡ br = broad, sp = sharp, sr = shoulder 
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Bis[4-(2-pyridylmethyleneimino)sulfide(L3) 
L3 was synthesized with a slightly modification of the previously reported method. [91] 
4,4'-Diaminodiphenylsulfide (1 g, 4.62 mmol) was dissolved in acetonitrile (30 ml) and 
stirred under a nitrogen atmosphere. A solution of 2-pyridinecarboxyaldehyde (0.99 g, 
9.24 mmol) in acetonitrile was added dropwise and the mixture was refluxed for 5 h. The 
brown solution was then concentrated by rotary evaporation to produce a brown solid 
which was filtered off and dried under vacuum. 
 
 
 
 
 
Yield 1.62 g, 89% 
C24H18N4S   394.49 g.mol−1 
Calc.[%]  C 73.07, H 4.60, N 14.20, S 8.13 
Found [%]   C 72.49, H 4.73, N 14.10, S 7.68  
ESI-MS (MeOH) m/z = 395 [L3 + H]+, 427 [L3 + MeOH + H]+ 
 
1H-NMR (500 MHz, CDCl3, 25 °C, TMS): δ [ppm] = 8.71 (d, J = 4.3, 0.9 Hz, 2H, H10), 
8.60 (s, 2H, H5), 8.18 (d, J = 7.9 Hz, 2H, H7), 7.81 (t, J = 1.6 Hz, 2H, H8), 7.40 (dd, J = 
1.9, 2.0 Hz, 2H, H9), 7.35 (m, 4H, H3), 7.24 (d, J = 3.0 Hz, 4H, H2)  
 
13C-NMR (500 MHz, CDCl3, 25 °C, TMS): δ [ppm] = 193 (C6), 161 (C5), 154 (C4), 150 
(C10), 137 (C8), 134 (C1), 132 (C3), 128 (C9), 125 (C7), 122 (C2) 
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IR Spectroscopy data  
Vibration frequency ν (cm−1) Intensity†, band form‡ Assignment [150] 
3430 m, br C−Hph stretch 
3053−2982 w, sr C−Hpy stretch 
2926−2856 w, sr C−Him stretch 
1626 s, sp C=Nim stretch  
1484−1435 s, sp C−Carom stretch 
1203−1170 m, sp C−S stretch 
1146−994 m, sp C−Npy stretch 
† vs = very strong, s = strong, m = medium, w = weak 
‡ br = broad, sp = sharp, sr = shoulder 
 
 
Bis[4-(2-pyridylmethyleneimino)phenyl]amine (L4) 
To a stirred solution of pyridine-2-carbaldehyde (0.72 g, 6.73 mmol) in 30 ml acetonitrile 
was slowly add an acetonitrile solution containing 4,4′-diaminodiphenylamine sulphate  
(1 g, 3.36 mmol) and triethylamine (0.5 ml). The resulting deep brown-yellow solution 
was refluxed for 2 hours, cooled to room temperature and kept in the refrigerator over 
night. Brown-yellow crystals (Figure 117) which were growing during that time were 
collected by filtration, washed with acetonitrile (3 times 10 ml) and diethyl ether (2 times 
20 ml) and recrystalized from dry methanol. The resulting solid was collected and dried 
under vacuum. 
 
 
 
 
 
 
Figure 117. Crystal photograph of L4 
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Yield 0.92 g, 72% 
C24H19N5   377.44 g.mol−1 
Calc.[%]  C 76.37, H 5.07, N 18.55 
Found [%]   C 76.34, H 5.00, N 18.59   
ESI-MS (MeOH) m/z =  378 [L4 + H]+, 410 [L4 + MeOH + H]+ 
 
1H-NMR (500MHz, (CD3)2−SO, 25 °C, TMS): δ [ppm] = 8.70 (d, J = 4.9, 2H, H8), 8.65 
(s, 2H, H4), 8.64 (s, 1H, H1), 8.15 (d, J = 7.9 Hz, 2H, H5), 7.93 (dd, J = 1.3, 7.8 Hz, 2H, 
H6), 7.49 (ddd, J = 1.06, 4.9, 4.8 Hz, 2H, H7), 7.40 (d, J = 8.7 Hz, 4H, H3), 7.18 (d, J = 
8.8 Hz, 4H, H2)  
 
Bis[4-(2-pyridylmethyleneimino)phenyl]-1,1-cyclohexane (L5) 
L5 was synthesized by refluxing an acetonitrile solution containing 1,1-bis(4-
aminophenyl)cyclohexane (1 g, 3.75 mmol) and pyridine-2-carbaldehyde (0.80 g, 7.51 
mmol) for 4 hours. The resulting yellow solution was then cooled to room temperature 
and kept in the refrigerator over night. Pale yellow crystals (Figure 118) of L5 growed 
during that time. The obtained solid was separated by filtration and dried under vacuum.   
 
 
 
 
 
 
Figure 118. Crystal photograph of L5 
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Yield 0.91 g, 55% 
C30 H28 N4   444.57 g.mol−1 
Calc.[%]  C 81.05, H 6.35, N 12.60 
Found [%]   C 81.23, H 6.33, N 12.73   
ESI-MS (MeOH) m/z = 445 [L5 + H]+, 467 [L5 + Na]+,  
          499 [L5 + MeOH + Na]+ 
UV/Vis (MeCN)    331 (ε = 23720) nm, 281 (ε = 27600) nm 
 
1H-NMR (500 MHz, (CD3)2−SO, 25 °C, TMS): δ [ppm] = 8.70 (d, J = 3.2, 2H, H1), 8.59 
(s, 2H, H6), 8.14 (d, J = 7.9 Hz, 2H, H4), 7.93 (ddd, J = 1.7, 5.9, 4.5 Hz, 2H, H2), 7.52 
(dddd, J = 1.1, 4.8, 2.7 Hz, 2H, H3), 7.41 (d, J = 8.6 Hz, 4H, H8), 7.29 (d, J = 8.6 Hz, 
4H, H9), 2.32 (m, 4H, H12,16), 1.5 (m, 6H, H13,14,15) 
  
13C-NMR (500 MHz, (CD3)2−SO, 25 °C, TMS): δ [ppm] = 160 (C1), 154 (C5), 150 (C6), 
148 (C7), 138 (C10), 137 (C2), 128 (C8), 126 (C3), 122 (C9), 121 (C4), 45 (C11), 36 
(C12, C16), 26 (C13, C15), 23 (C14) 
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IR Spectroscopy data  
Vibration frequency ν (cm−1) Intensity†, band form‡ Assignment [150] 
3434 m, br C−Hph stretch 
3053−2987 w, sr C−Hpy stretch 
2936 s, sp C−Him stretch 
2861 m, sp C−Hali stretch 
1627 s, sp C=Nim stretch  
1500−1437 s, sp C−Carom stretch 
1151−1014 w, sp C−Npy stretch 
† vs = very strong, s = strong, m = medium, w = weak 
‡ br = broad, sp = sharp, sr = shoulder 
 
 
4,4'-Bis(2-hydroxybenzylideneamino)diphenyl ether (L6) 
L6 was synthesized according to the published method of Yoshida et al. [106]. Ethanolic 
solution of bis(4-aminophenyl)ether (1 g, 5 mmol) and salicylaldehyde (1.22 g, 10 mmol) 
was heated at 80°C for 3 hours to yield yellow precipitate which was filtered off, washed 
with ethanol, and dried under vacuum. 
 
 
 
 
 
Yield 2 g, 98 % 
C26H20N2O3  408.45 g.mol−1 
Calc.[%]  C 76.45, H 4.94, N 6.86 
Found [%]   C 76.29, H 5.05, N 6.93   
ESI-MS (MeOH) m/z = 409 [L6 + H]+ 
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1H-NMR (500 MHz, (CD3)2−SO, 25 °C, TMS): δ [ppm] = 13.10 (s, 2H, H8), 8.98 (s, 2H, 
H3), 7.65 (dd, J = 7.7 Hz, 2H, H7), 7.50 (ddd, J = 5.4, 6.7 Hz, 4H, H2), 7.41 (t, J = 7.9 
Hz, 2H, H6), 7.14 (ddd, J = 11.9, 8.2, 7.5 Hz, 4H, H1), 6.98 (m, 4H, H4,5) 
 
IR Spectroscopy data  
Vibration frequency ν (cm−1) Intensity†, band form‡ Assignment [150] 
3432 m, br O−H stretch 
3055−2717 w, sr C−H stretch 
1620 s, sp C=N stretch 
1575−1458 s, sp C−Carom stretch 
1413−1363 m, sp O−H deformation  and C−O 
stretch 
† vs = very strong, s = strong, m = medium, w = weak 
‡ br = broad, sp = sharp, sr = shoulder 
 
 
4,4'-Bis(2-hydroxybenzylideneamino)diphenyl methane (L7) 
L7 was synthesized similarly to that of L6. The condensation of 
bis(4-aminophenyl)methane (1 g, 5 mmol) and salicylaldehyde (1.23 g, 10 mmol) yielded 
fluorescence pale yellow powder of L7. 
 
 
 
 
 
 
Yield 1.97 g, 96% 
C27H22N2O2  406.48 g.mol−1 
Calc.[%]  C 79.78, H 5.46, N 6.89 
Found [%]   C 79.20, H 5.47, N 6.91   
ESI-MS (MeOH) m/z = 407 [L7 + H]+ 
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1H-NMR (500 MHz, (CD3)2−SO, 25 °C, TMS): δ [ppm] = 13.16 (s, 2H, H9), 8.95 (s, 2H, 
H4), 7.63 (dd, J = 8.7 Hz, 2H, H8), 7.38 (m, 10H, H2,3,7), 6.97 (m, 4H, H5,6), 4.02 (s, 
2H, H1)  
 
IR Spectroscopy data  
Vibration frequency ν (cm−1) Intensity†, band form‡ Assignment [150] 
3430 m, br O−H stretch 
3054−2718 w, sr C−H stretch 
1619 s, sp C=N stretch 
1571−1496 m, sp C−Carom stretch 
1412−1285 m, sp O−H deformation  and C−O 
stretch 
† vs = very strong, s = strong, m = medium, w = weak 
‡ br = broad, sp = sharp, sr = shoulder 
 
 
α,α -Bis(salicylimino)-m-xylene  (L8) 
Methanolic solution of m-xylylenediamine (0.56 g, 4.10 mmol) and salicylaldehyde (1 g, 
8.2 mmol) was refluxed for 3 hours to yield yellow precipitate of L8 which was filtered 
off, washed with methanol, and dried under vacuum. 
 
 
 
 
 
 
Yield 1.35 g, 96% 
C22H20N2O2  344.41 g.mol−1 
Calc.[%]  C 76.72, H 5.85, N 8.13 
Found [%]   C 76.78, H 5.94, N 8.20   
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ESI-MS (MeOH) m/z = 345 [L8 + H]+, 689 [2L8 + H]+ 
 
1H-NMR (500 MHz, (CD3)2−SO, 25 °C, TMS): δ [ppm] = 13.42 (s, 2H, H13), 8.72 (s, 
2H, H6), 7.48 (dd, J = 8.6, 8.7 Hz, 2H, H2), 7.38 (t, J = 7.7, 7.5 Hz, 1H, H1), 7.35 (s, 1H, 
H4), 7.33 and 6.91 (t, J = 11.9, 8.2, 7.5 Hz, 4H, H9,10), 7.27 (d, J = 7.6 Hz, 2H, H11), 
6.87 (d, J = 8.2 Hz, 2H, H8), 4.82 (s, 4H, H5) 
 
13C-NMR (500 MHz, CDCl3, 25 °C, TMS): δ [ppm] = 160 (C6), 161 (C12), 139 (C3), 
132 (C2), 131 (C9), 129 (C4), 127 (C1), 126 (C11), 119 (C7), 118 (C10), 117 (C8), 63 
(C5) 
 
IR Spectroscopy data  
Vibration frequency ν (cm−1) Intensity†, band form‡ Assignment [150] 
3433 m, br O−H stretch 
3054−2733 w, sr C−H stretch 
1633 s, sp C=N stretch 
1580−1498 m, sp C−Carom stretch 
1420−1282 m, sp O−H deformation  and C−O 
stretch 
† vs = very strong, s = strong, m = medium, w = weak 
‡ br = broad, sp = sharp, sr = shoulder 
 
 
α,α -Bis(salicylamino)-m-xylene  (L9) 
Reduction of L8 by KBH4 (0.44 g, 8.2 mmol) gave L9 in an oily visquous form.  
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Yield 1.50 g, 70% 
C22H24N2O2  348.44 g.mol−1 
Calc.[%]  C 75.83, H 6.94, N 8.04 
Found [%]   C 75.90, H 6.98, N 8.15   
ESI-MS (MeOH) m/z = 349 [L9 + H]+, 697 [2L9 + H]+ 
 
1H-NMR (500 MHz, CDCl3, 25 °C, TMS): δ [ppm] = 7.32 (t, J = 7.3 Hz, 1H, H1), 7.24 
(s, 2H, H11), 7.23 (s, 1H, H3), 7.22 (d, J = 7.5 Hz, 2H, H10), 7.16 (t, J = 1.6, 1.1 Hz, 2H, 
H8), 6.97 (d, J = 1.1 Hz 2H, H7), 6.84 (d, J = 0.9 Hz, 2H, H2), 6.77 (t, J = 1.1, 1.0 Hz, 
2H, H9), 5.28 (s, 2H, H5), 4.00 (s, 4H, H6), 3.80 (s, 4H, H4) 
 
α,α -Bis(2-hydroxy-1-naphthalimino)-m-xylene (L10) 
L10 was synthesized using the same procedure as in the case of L8 by refluxing a 
methanolic solution of m-xylylenediamine (0.59 g, 4.36 mmol) and 2-hydroxy-1-
naphthaldehyde (1.5 g, 8.71 mmol) for 3 hours. The yellow solid obtained was filtered 
off, washed with methanol, and dried under vacuum. 
 
 
 
 
 
 
Yield 1.86 g, 97% 
C30H24N2O2  444.52 g.mol−1 
Calc.[%]  C 81.06, H 5.44, N 6.30 
Found [%]   C 80.78, H 5.53, N 6.38   
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ESI-MS (MeOH) m/z = 445 [L10 + H]+, 889 [2L10 + H]+ 
 
1H-NMR (500 MHz, (CD3)2−SO, 25 °C, TMS): δ [ppm] = 14.38 (s, 2H, H17), 9.30 (d, J 
= 9.4 Hz, 2H, H6), 8.10 (d, J = 8.4 Hz, 2H, H2), 7.74 and 7.65 (d, J = 9.3, 7.9 Hz, 4H, 
H12,14), 7.47 (s, 1H, H4), 7.40−7.46 (m, 3H, H1,11), 7.38 (d, J = 8.1 Hz, 2H, H15), 7.20 
(t, 2H, H10), 6.72 (d, J = 9.3 Hz, 2H, H9), 4.9 (d, J = 4.7 Hz, 4H, H5) 
 
13C-NMR (500 MHz, CDCl3, 25 °C, TMS): δ [ppm] = 174 (C16), 159 (C6), 138 (C3), 
137 (C14), 133 (C8), 130 (C4), 129 (C2), 128 (C15), 127 (C9), 126 (C1, C7), 124 (C12), 
123 (C10), 118 (C11), 107 (C13), 58 (C5) 
 
IR Spectroscopy data  
Vibration frequency ν (cm−1) Intensity†, band form‡ Assignment [150] 
3434 m, br O−H stretch 
3054−2870 w, sr C−H stretch 
1632 s, sp C=N stretch 
1544−1492 w, sp C−Carom stretch 
1446−1258 m, sp O−H deformation  and C−O 
stretch 
† vs = very strong, s = strong, m = medium, w = weak 
‡ br = broad, sp = sharp, sr = shoulder 
 
 
α,α -Bis(2-hydroxy-1-naphthalamino)-m-xylene (L11) 
Reduction of L10 by KBH4 (0.47 g, 8.75 mmol) gave oily substance of L11.  
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Yield 1.65 g, 85% 
C27H22N2O2  448.56 g.mol−1 
Calc.[%]  C 80.33, H 6.29, N 6.25 
Found [%]   C 80.10, H 6.37, N 6.31   
ESI-MS (MeOH) m/z = 449 [L11 + H]+ 
 
1H-NMR (500 MHz, (CD3)2−SO, 25 °C, TMS): δ [ppm] = 7.62 (t, J = 8.3 Hz, 1H, H1), 
7.54 (s, 2H, H13), 7.53 (s, 1H, H3), 7.51 (d, J = 6.5 Hz, 2H, H12), 7.46 (d, J = 7.5 Hz, 
2H, H11), 7.32 (t, J = 1.3 Hz 2H, H9), 7.23 (d, J = 0.9 Hz, 2H, H7), 7.20 (t, J = 1.8 Hz, 
2H, H8), 7.12 (d, J = 6.2 Hz, 2H, H10), 5.28 (s, 2H, H5), 4.72 (s, 4H, H6), 3.9 (s, 4H, 
H4) 
 
α,α -Bis(salicyliminomethyl)-1,3-cyclohexane (L12) 
Methanolic solution containing 1,3-bis(aminomethyl)cyclohexane (0.87 g, 6.14 mmol) 
and salicylaldehyde (1.5 g, 12.28 mmol) was refluxed for 5 hours to yield yellow 
precipitate of L12 which was filtered off, washed with methanol, and dried under vacuum. 
 
 
 
 
 
 
 
 
Yield 1.95 g, 91% 
C22H26N2O2  350.45 g.mol−1 
Calc.[%]  C 75.40, H 7.48, N 7.99 
Found [%]   C 75.18, H 7.52, N 7.98   
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ESI-MS (MeOH) m/z = 351 [L12 + H]+ 
 
1H-NMR (500 MHz, (CD3)2−SO, 25 °C, TMS): δ [ppm] = 13.68 (s, 2H, H13), 8.49 (d, J 
= 5.7, 2H, H6), 7.42 (dd, J = 7.7, 7.6 Hz, 2H, H11), 7.28 (ddd, J = 7.3, 6.8, 6.2 Hz, 2H, 
H9), 6.85 (m, 4H, H8,10), 3.52 (d, J = 6.9, Hz, 4H, H5), 3.47 (m, 2H, H1), 0.89 and 1.7 
(m, 8H, H2,3,4) 
 
13C-NMR (500 MHz, (CDCl3, 25 °C, TMS): δ [ppm] = 165 (C6), 161 (C12), 132 (C11), 
131 (C8), 119 (C7), 118 (C10), 117 (C9), 66 (C5), 39 (C3), 36 (C4), 33 (C1), 31 (C12)  
 
IR Spectroscopy data  
Vibration frequency ν (cm−1) Intensity†, band form‡ Assignment [150] 
3434 m, br O−H stretch 
3054−2731 m, sp C−H stretch 
1633 s, sp C=N stretch 
1583−1463 m, sp C−Carom stretch 
1419−1279 m, sp O−H deformation  and C−O 
stretch 
† vs = very strong, s = strong, m = medium, w = weak 
‡ br = broad, sp = sharp, sr = shoulder 
 
 
α,α -Bis(2-hydroxy-1-naphthaliminomethyl)-1,3-cyclohexane (L13) 
To a stirred solution of 1,3-bis(aminomethyl)cyclohexane (0.62 g, 4.36 mmol) in 30 ml 
dry methanol was slowly add a methanolic solution containing 2-hydroxy-1-
naphthaldehyde (1.5 g, 8.71 mmol). The resulting yellow solution was refluxed for 5 
hours and cooled to room temperature to yield yellow solid of L13. 
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Yield 1.86 g, 95% 
C30H30N2O2  450.57 g.mol−1 
Calc.[%]  C 79.97, H 6.71, N 6.22 
Found [%]   C 80.05, H 7.18, N 6.25 
ESI-MS (MeOH) m/z = 451 [L13 + H]+ 
 
1H-NMR (500 MHz, (CD3)2−SO, 25 °C, TMS): δ [ppm] = 14.21 (s, 2H, H17), 9.10 (t, J = 
10.6 Hz, 2H, H9), 8.05 (dd, J = 3.6 Hz, 2H, H15), 7.70 (dd, J = 3.9 Hz, 2H, H14), 7.61 
(d, J = 7.9, 2H, H6), 7.39 (t, J = 7.1 Hz, 2H, H11), 7.17 (t, J = 7.4Hz, 2H, H10), 6.70 (dd, 
J = 5.1 Hz, 2H, H12), 3.64 (d, J = 7.9 Hz, 4H, H5), 3.52 (t, 2H, H4), 1.8 (m, 2H, H3), 
1.75 (m, 4H, H2), 0.95 (m, 2H, H1) 
 
13C-NMR (500 MHz, (CD3)2−SO, 25 °C, TMS): δ [ppm] = 178 (C16), 159 (C6), 137 
(C15), 134 (C7), 129 (C14), 128 (C12), 126 (C9), 125 (C8), 122 (C11), 118 (C10), 106 
(C13), 57 (C5), 38 (C3), 33 (C4), 30 (C2), 28 (C1) 
 
IR Spectroscopy data  
Vibration frequency ν (cm−1) Intensity†, band form‡ Assignment [150] 
3431 m, br O−H stretch 
3054−2852 m, sr C−H stretch 
1630 s, sp C=N stretch 
1544−1449 w, sp C−Carom stretch 
1402−1260 w, sp O−H deformation  and C−O 
stretch 
† vs = very strong, s = strong, m = medium, w = weak 
‡ br = broad, sp = sharp, sr = shoulder 
 
 
Tris(2-benzylaminoethyl)amine (L14) 
L14 was synthesized according to the published method of Naiini et al. [174]. 
Benzaldehyde (4.36 g, 41 mmol) was added dropwise to a solution of 2 g (13.68 mmol) 
of tris(2-aminoethyl)amine in 20 ml of dry methanol. The yellow solution was stirred for 
 Experimental 
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2 h at 80 °C and cooled in an icebath. To this solution was added portionwise 2.21 g (41 
mmol) of KBH4 and the mixture stirred for additional 2 h at room temperature. The 
reaction mixture was then diluted with 50 ml of water and extracted with 3 × 25 ml of 
ether. The organic layers were extracted with 2 × 100 ml of 1 N HC1. The HCl layers 
were washed with 2 × 50 ml of ether, made basic with solid K2CO3 to pH > 10, and 
extracted with 3 × 50 ml of ether. The ether layers were dried over MgSO4 and 
concentrated in vacuum to give the product as pale yellow oil. 
 
 
 
 
 
 
Yield 1.9 g, 70% 
C27H36N4  416.6 g.mol−1 
ESI-MS (MeOH) m/z = 417 [L14 + H]+ 
 
1H-NMR (500 MHz, CDCl3, 25 °C, TMS): δ [ppm] = 7.32-7.21 (m, 15H, H5-H9), 3.74 
(s, 6H, H4), 2.67 (t, 6H, H2), 2.58 (t, 6H, H1), 1.81 (s, 3H, H3)  
The spectral properties of L14 correspond to those reported by Naiini [174]. 
 
 
Tris{2-[1-(phenyl)ethyl]aminoethyl}amine (L15) 
L15 was synthesized using the same procedure as in the case of L14 to give pale yellow 
oil. Starting material were acetophenone (3.70 g, 30.77 mmol), tris(2-aminoethyl)amine 
(1.50 g, 10.26 mmol) and KBH4 (1.66 g, 30.77 mmol). 
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Yield 2.33 g, 50% 
C30H42N4  458.68 g.mol−1 
ESI-MS (MeOH) m/z = 459 [L15 + H]+ 
 
1H-NMR (500 MHz, CDCl3, 25 °C, TMS): δ [ppm] = 7.37-7.19 (m, 15H, H6-H10), 3.70 
(q, 3H, H4), 2.60 (t, 6H, H2), 2.50 (t, 6H, H1), 2.15 (s, 3H, H3), 1.21 (d, 9H, H5) 
 
 
Tris[2-(2-pyridylmethyl)aminoethyl]amine (L16)  
To a stirred solution of tris(2-aminoethyl)amine (1.59 g, 10.89 mmol) in 30 ml of dry 
methanol was added 2-pyridinecarboxaldehyde (3.5 g, 32.68 mmol). To this solution was 
added in portions 1.76 g (32.68 mmol) of KBH4 and the mixture was refluxed for 12 h 
under atmospheric pressure. The filtrate and washings were collected, evaporated, 
extracted with dichloromethane and concentrated under vacuum, yielding 2 g of yellow 
brown oil.  
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Yield 2 g, 43.76% 
C24H33N7 419.57 g.mol−1 
ESI-MS (MeOH) m/z = 420 [L16 + H]+ 
 
1H-NMR (500 MHz, CDCl3, 25 °C, TMS): δ [ppm] = 8.46 (d, 3H, H8), 7.56 (t, 3H, H6), 
7.28 (d, 3H, H5), 7.1 (dd, 3H, H7), 3.90 (s, 6H, H4), 2.75 (t, 6H, H2), 2.65 (t, 6H, H1), 
2.60 (s, 3H, H3) 
 
Tris{2-[1-(2-pyridyl)ethyl]aminoethyl}amine (L17) 
L17 was synthesized the same way as the previous ligand L16 with 2-acetylpyridyl (3.72 
g, 30.77 mmol), tris(2-aminoethyl)amine (1.50 g, 10.26 mmol) and KBH4 (1.66 g, 30.77 
mmol) as starting materials.   
 
 
 
 
 
 
Yield 33.26 g, 68.92% 
C27H39N7  461.65 g.mol−1 
ESI-MS (MeOH) m/z = 462 [L17 + H]+ 
 
1H-NMR (500 MHz, CDCl3, 25 °C, TMS): δ [ppm] = 8.53 (d, 3H, H9), 7.64 (t, 3H, H7), 
7.38 (d, 3H, H6), 7.17 (t, 3H, H8), 3.90 (q, 3H, H4), 2.57 (t, 6H, H2), 2.46 (t, 6H, H1), 
1.35 (d, 9H, H5) 
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Tris[2-(2-hydroxylbenzyl)aminoethyl]amine (L18) 
Tris(2-aminoethyl)amine (1 g, 6.84 mmol) and salicylaldehyde (2.51 g, 20.52 mmol) 
were dissolved in dry methanol (20 ml) and vigorously stirred at room temperature (r.t.) 
and refluxed for 2 h. An orange-yellow precipitate of tris–imine derivative was formed on 
cooling, filtered off, washed out with methanol, and dried in vacuo. The resulting solid 
was then added to a solution of 1.11 g (20.51 mmol) of KBH4 in methanol and the 
reaction was let to stir overnight at r.t. The reaction mixture was then diluted with water, 
extracted with dichloromethane, dry with MgSO4 and evaporated to yield orange-yellow 
viscous oil.   
 
 
 
 
 
 
Yield 1.8 g, 66% 
C27H36N4O3  464.6 g.mol−1 
ESI-MS (MeOH) m/z = 465 [L18 + H]+ 
 
1H-NMR (500 MHz, CDCl3, 25 °C, TMS): δ [ppm] = 7.13 (t, 3H, H8), 6.95 (d, 3H, H6), 
6.75 (m, 6H, H7,9), 5.29 (s, 3H, H5), 3.97 (s, 6H, H4), 2.7 (t, 6H, H2), 2.57 (t, 6H, H1) 
 
 
Tris{2-[1-(2-hydroxylphenyl)ethyl]iminoethyl}amine (L19) 
L19 was synthesized the same way as in the case of ligand L18 until the Schiff-base step 
using 2-hydroxyacetophenone (4.19 g, 30.77 mmol) and tris(2-aminoethyl)amine (1.5 g, 
10.26 mmol). 
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Yield 5 g, 97% 
C30H36N4O3  500.63 g.mol−1 
ESI-MS (MeOH) m/z = 451 [L19 + H]+ 
 
1H-NMR (500 MHz, CDCl3, 25 °C, TMS): δ [ppm] = 16.58 (s, 3H, H5), 7.26 (d, 3H, H6), 
7.21 (t, 3H, H8), 6.84 (d, 3H, H9), 6.61 (t, 3H, H7), 3.65 (t, 6H, H2), 3.00 (t, 6H, H1), 
2.21 (s, 9H, H4) 
 
 
Tris{2-[1-(2-hydroxylphenyl)ethyl]aminoethyl}amine (L20) 
 
Reduction of L19 with KBH4 (1.65 g, 30.77 mmol) gave L20. 
 
 
 
 
 
 
Yield 4.41 g, 84% 
C30H30N2O2  506.68 g.mol−1 
ESI-MS (MeOH) m/z = 507 [L20 + H]+ 
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1H-NMR (500 MHz, CDCl3, 25 °C, TMS): δ [ppm] = 7.15 (t, 3H, H9), 6.96 (t, 3H, H7), 
6.75 (m, 6H, H8,10), 5.28 (s, 3H, H6), 3.90 (m, 3H, H4), 2.71 (t, 6H, H2), 2.6 (t, 6H, H1), 
1.45 (d, 9H, H5) 
 
 
N,N,N’,N’-Tetrakis(2-pyridylmethyl)-m-xylylenediamine (L21) 
L21 was prepared by N-alkylation of 2,2’-dipicolylamine with m-xylylenedibromide. In 
20 ml acetone solution containing m-xylylenedibromide (0.67 g, 2.51 mmol) and K2CO3 
(1.18 g, 8.56 mmol) was slowly added an acetone solution of di-2-picolylamine (1.07 g, 
5.35 mmol). The resulting mixture was refluxed for 80 hours and concentrated to give a 
brown substance which was dissolved in water and extracted from chloroform. The 
organic layer was dried over MgSO4 and concentrated in vacuum to give the product as 
brown oil. 
 
  
 
 
 
 
 
Yield 1.18 g, 94% 
C32H32N6  500.64 g.mol−1 
ESI-MS (MeOH) m/z = 501 [L21 + H]+ 
 
1H-NMR (500 MHz, (CD3)2−SO, 25 °C, TMS): δ [ppm] = 8.48 (d, 4H, H1), 7.73 (t, 4H, 
H3), 7.59 (s, 1H, H7), 7.57 (d, 4H, H4), 7.25 (m, 7H, H2,8,9), 3.70 (s, 8H, H5), 3.61 (s, 
4H, H6) 
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N,N,N’,N’-Tetrakis(2-pyridylmethyl)-2,6-bis(aminomethyl)pyridine (L22) 
L22 was similarly to that of L22 using 2,6-bis(chloromethyl)pyridine (0.36 g, 2.04 mmol), 
K2CO3 (0.75 g, 5.43 mmol) and di-2-picolylamine (0.81 g, 4.08 mmol) to yielded pale 
brown-yellow oil.  
 
 
 
 
 
 
Yield 0.92 g, 90% 
C31H31N7  501.62 g.mol−1 
ESI-MS (MeOH) m/z = 502 [L22 + H]+ 
 
1H-NMR (500 MHz, (CD3)2−SO, 25 °C, TMS): δ [ppm] = 8.50 (d, 4H, H1), 7.62 (m, 9H, 
H3,4,8), 7.43 (d, 2H, H7), 7.11 (t, 4H, H2), 3.87 (s, 8H, H5), 3.84 (s, 4H, H6) 
 
 
N,N,N’,N’,N’’,N’’-Hexa(2-picolyl)-1,3,5-triazin-2,4,6-triamine (L23) 
L23 was synthesized according to the published method of de Hoog et al. [177]. 2,4,6-
Trichloro-[1,3,5]triazine (0.86 g, 4.65 mmol) was dissolved in tetrahydrofurane (20 mL). 
Three equivalents of N-ethyldiisopropylamine (DIPEA) (1.80 g, 13.95 mmol) were added 
and the two-necked round-bottomed flask was cooled to 0°C. Di-2-picolylamine (3.24 g, 
16.26 mmol) was added portionwise. After the completion of the addition, the clear 
reaction mixture was warmed to room temperature and then heated under reflux for 24 h. 
The slightly yellow precipitate was isolated on a glass filter and washed with methanol 
(3×20 ml) to remove N-ethyldiisopropylamine hydrochloride. 
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Yield 2.88 g, 92% 
C39H36N12  672.78 g.mol−1 
ESI-MS (MeOH) m/z = 674 [L23 + H]+ 
 
1H-NMR (500 MHz, (CD3)2−SO, 25 °C, TMS): δ [ppm] = 8.42 (d, 6H, H1), 7.52 (t, 6H, 
H3), 7.17 (t, 6H, H2), 7.00 (d, 6H, H4), 4.79 (s, 12H, H5)  
 
6.3.2 Complex synthesis 
{[Ag(L1)](ClO4).CH3CN}n (1) 
Silver perchlorate (11.0 mg, 0.053 mmol) in acetonitrile (1mL) was added to L1 (20.0 
mg, 0.053 mmol) in dichloromethane (1 mL). Yellow needles (Figure 119) of the title 
compound were obtained by slow diffusion of diethylether vapour into the resulting 
solution in the dark over 2 days. The crystals were collected, washed with ether, and 
dried under vacuum. 
 
 
 
 
 
 Figure 119. Crystals photograph of 1. 
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Yield      17 mg, 55% 
[Ag(C25H20N4)]ClO4 583.77 g.mol−1 
Calc.[%]   C 51.44, H 3.45, N 9.60 
Found [%] C 51.29, H 3.23, N 9.59 
ESI-MS (MeOH)   m/z = 1067 [Ag2L2 + ClO4]+; 690 [Ag2L + ClO4]+;  
          861 [AgL2]+; 485 [Ag2L2]2+ 
 
{[Ag(L2)]ClO4.CH2Cl2}n (2) 
Silver perchlorate (11.0 mg, 0.05 mmol) in acetonitrile (1mL) was added to L2 (20.0 mg, 
0.05 mmol) in dichloromethane (1 mL). Pale yellow needles of the title compound were 
obtained by slow diffusion of diethylether vapour into the resulting solution in the dark 
over 3 days. The crystals were collected, washed with ether, and dried under vacuum.  
Yield    27 mg, 87% 
[Ag(C24H18N4O)]ClO4 585.74 g.mol−1 
Calc.[%] C 49.21, H 3.10, N 9.57 
Found [%] C 48.68, H 2.53, N 9.38   
ESI-MS (MeOH) m/z = 863 [AgL2]+; 485 [Ag2L2]2+ 
 
 
[Ag2(L2)2](ClO4)2 (3) 
Silver perchlorate (11.0 mg, 0.05 mmol) in acetonitrile (1mL) was added to L2 (20.0 mg, 
0.05 mmol) in a mixture of methanol/acetonitrile (1:1) (1 mL). Yellow-green needles 
(Figure 120) of the title compound were obtained by slow diffusion of diethylether 
vapour into the resulting solution in the dark over 3 days. The crystals were collected, 
washed with ether, and dried under vacuum. 
 
 
 
 
Figure 120. Crystals photograph of 3. 
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4 5 6 
Yield     19 mg, 61% 
[Ag2(C24H18N4O)2](ClO4)2 1171.49 g.mol−1 
Calc.[%] C 49.21, H 3.10, N 9.57 
Found [%] C 48.89, H 2.80, N 9.51 
ESI-MS (MeOH) m/z = 1167 [Ag2L2 + (ClO4)2 − H]−,  
         610 [AgLOAC + 2MeOH + H]+, 485 [Ag2L2]2+ 
 
[CuL1(SO4)]6 · 24H2O (4) 
Copper(II) sulfate pentahydrate (6.63 mg, 0.027 mmol) in methanol /water (2:1) (1.5 ml) 
was slowly layered on the top of a acetonitrile solution (1 ml) containing ligand L1 (15.0 
mg, 0.04 mmol). Green block-like crystals (Figure 121) of the title compound were 
obtained by slow diffusion of diethylether into the resulting solution after 3 days. The 
crystals were collected, washed with ether, and dried under vacuum. Elemental analysis 
indicated the stoichiometric formula of [Cu(L1)SO4]6 · 18H2O.  
 
 
 
 
 
 
 
Figure 121. Crystals photograph of 4–6. 
 
Yield 22 mg, 93% 
C150H156Cu6N24O42S6 3540.65 g.mol−1 
 Experimental 
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Calc.[%] C 50.88, H 4.44, N 9.49, S 5.43 
Found [%]   C 51.50, H 4.41, N 9.66, S 5.30   
ESI-MS (MeOH) m/z = 439 [Cu(L1)2 + 2MeOH]2+,  
          536 {[CuL1(SO4)] + H} 
UV/Vis (MeCN)    401 (ε = 912), 327 (ε = 2160), 300 (ε = 5324) nm 
 
IR Spectroscopy data  
Vibration frequency ν (cm−1) Intensity†, band form‡ Assignment [150] 
3429 s, br C−Hph stretch 
3063−3028 w, sr C−Hpy stretch 
2927−2902 w, sr C−Him stretch 
2855 w, sr C−Hali stretch 
1630 m, sp C=Nim stretch  
1503−1445 m, sp C−Carom stretch 
1130−1020 s, sp C−Npy stretch 
† vs = very strong, s = strong, m = medium, w = weak 
‡ br = broad, sp = sharp, sr = shoulder 
 
[CuL2(SO4)]6 · 24H2O (5) 
The same procedure was used as for the preparation of (4). The complex (dark green 
needles) (Figure 121) was obtained after 2 months. Elemental analysis indicated the 
stoichiometric formula of [Cu(L2)SO4]6 · 18H2O.  
Yield   20 mg, 85% 
C144H144Cu6N24O48S6    3552.48 g.mol−1 
Calc.[%]   48.69, H 4.09, N 9.46, S 5.42 
Found [%]   C 48.22, H 4.28, N 9.04, S 5.57 
ESI-MS (MeOH) m/z = 441 [Cu(L2)2 + 2MeOH]2+,   
          538 {[CuL2(SO4)] + H} 
UV/Vis (MeCN)    425 (ε = 4397), 336 (ε = 4615), 309 (ε = 7003) nm 
  Experimental 
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IR Spectroscopy data  
Vibration frequency ν (cm−1) Intensity†, band form‡ Assignment [150] 
3435 m, br C−Hph stretch 
3064−3035 w, sr C−Hpy stretch 
2929 w, sr C−Him stretch 
1629 m, sp C=Nim stretch  
1495−1436 s, sp C−Carom stretch 
1243−1200 s, sp C−O stretch 
1129−1026 m, sp C−Npy stretch 
† vs = very strong, s = strong, m = medium, w = weak 
‡ br = broad, sp = sharp, sr = shoulder 
 
[CuL3(SO4)]6 · 24H2O (6) 
The same procedure was used as for the preparation of (4). The complex (dark brown 
needles) (Figure 121) was obtained after 3 weeks. Elemental analysis indicated the 
stoichiometric formula of [CuL3(SO4)]6 · 22H2O. 
 
Yield 21 mg, 89% 
C144H152Cu6N24O46S12 3720.94 g.mol−1 
Calc.[%] C 46.48, H 4.12, N 9.03, S 10.34 
Found [%] C 46.51, H 4.36, N 9.04, S 9.94   
ESI-MS (MeOH)   m/z = 457 [Cu(L3)2 + 2MeOH]2+,  
          554 {[CuL3(SO4)] + H} 
UV/Vis (MeCN) 418 (ε = 4734), 325 (ε = 5213), 309 (ε = 8530) nm 
 
 
 
 
 Experimental 
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IR Spectroscopy data  
Vibration frequency ν (cm−1) Intensity†, band form‡ Assignment [150] 
3429 m, br C−Hph stretch 
3058−2982 w, sr C−Hpy stretch 
2924−2905 w, sr C−Him stretch 
1625 s, sp C=Nim stretch  
1484−1434 s, sp C−Carom stretch 
1204−1171 m, sp C−S stretch 
1087−1010 m, sp C−Npy stretch 
† vs = very strong, s = strong, m = medium, w = weak 
‡ br = broad, sp = sharp, sr = shoulder 
 
[Cu6(L2)3(L3)3(SO4)6] · 24H2O (7) 
Copper(II) sulfate pentahydrate (6.60 mg, 0.026 mmol) in methanol /water (2:1) (1.5 ml) 
was slowly layered on the top of a acetonitrile solution (1 ml) containing the mixture of 
ligand L2 (7.5 mg, 0.02 mmol) and L3 (7.5 mg, 0.019 mmol). Brown green needles of the 
title compound were obtained by slow diffusion of diethylether into the resulting solution 
after 2 weeks. The crystals were collected, washed with ether, and dried under vacuum. 
Elemental analysis indicated the stoichiometric formula of [Cu6(L2)3(L3)3(SO4)6] ·18H2O. 
  
Yield    22 mg, 92% 
C144H144Cu6N24O45S9      3600.68 g.mol−1 
Calc.[%]   C 48.03, H 4.03, N 9.34, S 8.01 
Found [%]   C 48.01, H 3.49, N 9.27, S 7.57 
ESI-MS (MeOH) m/z = 932 [Cu(L2)(L3)(SO4) + H]+ 
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IR Spectroscopy data  
Vibration frequency ν (cm−1) Intensity†, band form‡ Assignment [150] 
3429 m, br C−Hph stretch 
3074−3015 w, sr C−Hpy stretch 
2928 w, sr C−Him stretch 
1626 m, sp C=Nim stretch  
1494−1435 s, sp C−Carom stretch 
1243−1198 s, sp C−O and C−S stretch 
1122−1025 m, sp C−Npy stretch 
† vs = very strong, s = strong, m = medium, w = weak 
‡ br = broad, sp = sharp, sr = shoulder 
 
[Hg2(L2)2(ClO4)3(H2O)2]ClO4·CH3CN (8) 
Mercury(II) perchlorate monohydrate (16.55 mg, 0.04 mmol) in acetonitrile (1 ml) was 
layered on the top of a methanolic solution (1 ml) containing ligand L2 (15.0 mg, 0.04 
mmol). Brown-yellow crystals (Figure 122) of the title compound were formed by slow 
diffusion of diethylether into the resulting solution after 3 days. The crystals were 
collected, washed with cold methanol and dried under vacuum. Elemental analysis 
indicated the stoichiometric formula of [Hg2(L2)2](ClO4)4·H2O. 
 
 
 
 
 
Figure 122. Crystals photograph of 8. 
 
Yield 26 mg, 83% 
C48H38Cl4Hg2N8O19     1573.85 g.mol−1 
Calc.[%]   Hg 25.49, Cl 9.01, C 36.63, H 2.43, N 7.12, O 19.31 
 Experimental 
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Found [%]   Hg 26.90, Cl 8.40, C 36.10, H 2.50, N 7.20, O 19.10 
ESI-MS (MeOH/DMSO) m/z = 479 [Hg(L2)2]2+, 596 [Hg(L2)2 + 3(DMSO)]2+ 
   
IR Spectroscopy data  
Vibration frequency ν (cm−1) Intensity†, band form‡ Assignment [150] 
3436 m, br C−Hph stretch 
3104−3036 w, sr C−Hpy stretch 
2925 w, sr C−Him stretch 
1637 m, sp C=Nim stretch  
1495−1449 s, sp C−Carom stretch 
1243−1195 s, sp C−O stretch 
1105 s, sp C−Npy stretch 
† vs = very strong, s = strong, m = medium, w = weak 
‡ br = broad, sp = sharp, sr = shoulder 
               
[Hg2(L1)2] (ClO4)4 (9) 
Mercury(II) perchlorate monohydrate (16.55 mg, 0.04 mmol) in acetonitrile (1 ml) was 
layered on the top of a methanolic solution (1 ml) containing ligand L1 (15.0 mg, 0.04 
mmol). Light-yellow crystals (Figure 123) of the title compound were formed by slow 
diffusion of diethylether into the resulting solution after 3 days. The crystals were 
collected, washed with cold methanol and dried under vacuum. Elemental analysis 
indicated the stoichiometric formula of [Hg2(L1)2](ClO4)4·2H2O. 
 
 
 
 
 
 
Figure 123. Crystals photograph of 9. 
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Yield     23 mg, 72% 
C50H44Cl4Hg2N8O18 1587.92 g.mol−1 
Calc.[%] Hg 25.26, Cl 8.93, C 37.82, H 2.79, N 7.06, O 18.14 
Found [%]       Hg 25.70, Cl 8.30, C 37.60, H 3.80, N 7.30, O 17.90   
ESI-MS (MeOH)   m/z = 477 [Hg(L1)2]2+, 594 [Hg(L1)2 + 3(DMSO)]2+,  
          1053 [Hg(L1)2 + ClO4]+ 
 
IR Spectroscopy data  
Vibration frequency ν (cm−1) Intensity†, band form‡ Assignment [150] 
3458 m, br C−Hph stretch 
3111−3040 w, sr C−Hpy stretch 
2926 w, sr C−Him stretch 
2842 w, sr C−Hali stretch 
1634 m, sp C=Nim stretch  
1504−1444 m, sp C−Carom stretch 
1096 s, sp C−Npy stretch 
† vs = very strong, s = strong, m = medium, w = weak 
‡ br = broad, sp = sharp, sr = shoulder 
 
[Hg2(L3)2] (ClO4)4 (10) 
Mercury(II) perchlorate monohydrate (15.98 mg, 0.04 mmol) in acetonitrile (1 ml) was 
layered on the top of a methanolic solution (1 ml) containing ligand L3 (15.0 mg, 0.04 
mmol). Light-yellow crystals of the title compound were formed by slow diffusion of 
diethylether into the resulting solution after 3 days. The crystals were collected, washed 
with cold methanol and dried under vacuum. Elemental analysis indicated the 
stoichiometric formula of [Hg2(L3)2](ClO4)4·10H2O. 
Yield     31 mg, 88% 
C48H56Cl4Hg2N8O26S2   1768.12 g.mol−1 
Calc.[%] C 32.61, H 3.19, N 6.34, S 3.63    
Found [%] C 32.28, H 2.53, N 6.85, S 3.18   
 Experimental 
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ESI-MS (MeOH) m/z = 495 [Hg(L3)2]2+, 612 [Hg(L3)2 + 3(DMSO)]2+,  
          1089 [Hg(L3)2 + ClO4]+ 
 
IR Spectroscopy data  
Vibration frequency ν (cm−1) Intensity†, band form‡ Assignment [150] 
3440 m, br C−Hph stretch 
3083−3035 w, sr C−Hpy stretch 
2972 w, sr C−Him stretch 
1633 m, sp C=Nim stretch  
1485−1446 m, sp C−Carom stretch 
1266−1198 w, sp C−S stretch 
1100 s, sp C−Npy stretch 
† vs = very strong, s = strong, m = medium, w = weak 
‡ br = broad, sp = sharp, sr = shoulder 
 
[Mn2(L1)3](ClO4)4 (11) 
Manganese(II) perchlorate hexahydrate (9.56 mg, 0.026 mmol) in methanol (1 ml) was 
layered on the top of a acetonitrile solution (1 ml) containing ligand L1 (15.0 mg, 0.04 
mmol). Orange-red crystals (Figure 124) of the title compound were obtained by slow 
diffusion of diethylether into the resulting overnight. The crystals were collected, washed 
with diethylether and dried under vacuum. Elemental analysis indicated the 
stoichiometric formula of [Mn2(L1)3](ClO4)4·2H2O. 
 
 
 
 
 
 
Figure 124. Crystals photograph of 11. 
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Yield 21 mg, 94% 
C75H64Cl4Mn2N12O18     1673.07 g.mol−1 
Calc.[%]   C 53.84, H 3.86, N 10.05 
Found [%]   C 54.07, H 3.29, N 9.93 
ESI-MS (MeOH) m/z = 446 [Mn2(L1)3(ClO4)4]3+,  
          591 [Mn(L1)3] 2+,718 [Mn2(L1)3(ClO4)2]2+ 
 
IR Spectroscopy data  
Vibration frequency ν (cm−1) Intensity†, band form‡ Assignment [150] 
3436 m, br C−Hph stretch 
3100−3066 w, sr C−Hpy stretch 
1630 m, sp C=Nim stretch  
1494−1443 s, sp C−Carom stretch 
1244−1198 s, sp C−Hali deformation 
1093−1014 s, sp C−Npy stretch 
† vs = very strong, s = strong, m = medium, w = weak 
‡ br = broad, sp = sharp, sr = shoulder 
 
[Ni2(L2)3](NO3)4 (12) 
Nickel(II) nitrate hexahydrate (7.16 mg, 0.025 mmol) in acetonitrile (0.5 ml) was layered 
on the top of a acetonitrile solution (0.5 ml) containing ligand L2 (14.0 mg, 0.04 mmol). 
Orange-red crystals (Figure 125) of the title compound were obtained by slow diffusion 
of diethylether into the resulting solution after 1 week. The crystals were collected, and 
dried under vacuum. Elemental analysis indicated the stoichiometric formula of 
[Ni2(L2)3](NO3)4·6H2O. 
 
 
 
 
 
Figure 125. Crystals photograph of 12. 
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 Yield 13 mg, 61% 
C72H66N16Ni2O21     1608.77 g.mol−1 
Calc.[%]   C 53.75, H 4.14, N 14.09 
Found [%]   C 54.28, H 4.47, N 13.55 
ESI-MS (MeOH) m/z = 437 [Ni2(L2)3NO3]3+,  
          687 [Ni2(L2)3(NO3)2]2+,1436 [Ni2(L2)3(NO3)3]+ 
 
IR Spectroscopy data  
Vibration frequency ν (cm−1) Intensity†, band form‡ Assignment [150] 
3435 m, br C−Hph stretch 
3060−3025 w, sr C−Hpy stretch 
2928 w, sr C−Him stretch 
1627 m, sp C=Nim stretch  
1494−1385 s, sp C−Carom stretch 
1243−1199 m, sp C−O stretch 
1164−1021 w, sp C−Npy stretch 
† vs = very strong, s = strong, m = medium, w = weak 
‡ br = broad, sp = sharp, sr = shoulder 
 
[Ni2(L5)3](PF6)4 (13) 
To a solution of L5 (50.00 mg, 0.112 mmol) in MeOH (5 ml) a methanolic solution (5 ml) 
of nickel (II) chloride hexahydrate (17.82 mg, 0.074 mmol) was add. The resulting 
orange-yellow mixture was refluxed for 1 h, cooled to room temperature and treated with 
methanolic ammonium hexafluorophosphate (excess) to yield an orange-yellow product 
which was isolated by filtration, washed with cold methanol and dried under vacuum. 
Addition of water in a saturated acetonitrile solution of the complex (20% acetonitrile 
solution) afforded single X-Ray quality crystals (Figure 126) overnight. Elemental 
analysis indicated the stoichiometric formula of [Ni2(L5)3](PF6)4·H2O. 
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Figure 126. Crystals photograph of 13. 
 
 Yield 67 mg, 87% 
C90H86F24N12Ni2OP4     2048.97 g.mol−1 
Calc.[%]   C 52.76, H 4.23, N 8.20 
Found [%]   C 52.24, H 4.72, N 8.15 
ESI-MS (MeOH) m/z = 531 [Ni2(L5)3PF6]3+,  
          563 [Ni2(L5)3PF6 + 3MeOH]3+,  
          965 [Ni2(L5)3(PF6)2 + 6MeOH]2+ 
UV/Vis (MeCN) 361 (ε = 36132), 328 (ε = 57200), 286 (ε = 51200) nm
 
IR Spectroscopy data  
Vibration frequency ν (cm−1) Intensity†, band form‡ Assignment [150] 
3436 m, br C−Hph stretch 
3052−3000 w, sr C−Hpy stretch 
2932 m, sp C−Him stretch 
2862 m, sp C−Hali stretch 
1631 m, sp C=Nim stretch  
1500−1445 m, sp C−Carom stretch 
1057−1020 m, sp C−Npy stretch 
† vs = very strong, s = strong, m = medium, w = weak 
‡ br = broad, sp = sharp, sr = shoulder 
 Experimental 
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[Fe2(L5)3](PF6)4 (14) 
To a solution of L5 (50.00 mg, 0.112 mmol) in MeOH (5 ml) a methanolic solution (5 ml) 
of iron(II) chloride tetrahydrate (14.91 mg, 0.075 mmol) was add. The resulting purple 
mixture was refluxed for 1 h, cooled to room temperature and treated with methanolic 
ammonium hexafluorophosphate (excess) to yield a purple product which was isolated by 
filtration, washed with cold methanol and dried under vacuum. Addition of water in a 
saturated acetonitrile solution of the complex (20% acetonitrile solution) afforded single 
crystals overnight. Elemental analysis indicated the stoichiometric formula of 
[Fe2(L5)3](PF6)4·3H2O  
 Yield 64 mg, 82% 
C90H90F24Fe2N12O3P4     2079.30 g.mol−1 
Calc.[%]   C 51.99, H 4.36, N 8.08 
Found [%]   C 51.87, H 4.18, N 8.12 
ESI-MS (MeOH) m/z = 361 [Fe2(L5)3]4+,  
          931 [Fe2(L5)3(PF6)2 + 4MeOH]2+,  
          1879 [Fe2(L5)3(PF6)3]+ 
UV/Vis (MeCN) 574 (ε = 16800), 521 (ε = 12400), 328 (ε = 48000),  
280 (ε = 69600) nm 
  
IR Spectroscopy data  
Vibration frequency ν (cm−1) Intensity†, band form‡ Assignment [150] 
3436 m, br C−Hph stretch 
3052−3000 w, br C−Hpy stretch 
2939 m, sp C−Him stretch 
2862 m, sp C−Hali stretch 
1613 w, sp C=Nim stretch  
1500−1443 m, sp C−Carom stretch 
1059−1014 m, sp C−Npy stretch 
† vs = very strong, s = strong, m = medium, w = weak 
‡ br = broad, sp = sharp, sr = shoulder 
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17 18 
Synthesis of compounds 15-20 
Compounds 15-20 were synthesized by refluxing methanolic solution containing Schiff 
base ligands (1 mmol), and UO2(NO3)2.6H2O (1 mmol) for 12 h. The resulting orange-red 
precipitates were filtered, washed with a cold MeOH, and dried under vacuum. Crystal of 
15, 17, 18 and 20 suitable for X-ray diffraction studies were obtained by slow diffusion of 
diethylether into the equimolar methanol/acetonitrile (1:1) (1 mL) solution of 
UO2(NO3)2.6H2O (0.05 mmol) and the corresponding ligand after one week. Crystals 
photograph of 17 and 18 are shown in Figure 127. The crystals were collected, washed 
with ether, and dried under vacuum. IR spectroscopy data are nearly the same in every 
case. 
 
 
 
 
 
Figure 127. Crystals photograph of 17 and 18 
 
IR Spectroscopy data of compounds 15-20 
Vibration frequency ν (cm−1) Intensity†, band form‡ Assignment [150] 
3433−3428 m, br O−H stretch 
3158−2853 w, sr C−H stretch 
2427 w, sr N−H stretch 
1654−1637 s, sp C=N stretch 
1385 vs, sp O−H deformation  and C−O 
stretch 
921 s, sp U=O stretch 
† vs = very strong, s = strong, m = medium, w = weak 
‡ br = broad, sp = sharp, sr = shoulder 
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[UO2(L6)(NO3)2]n (15)  
Yield 27 mg, 73% 
C26H20N4O11U     802.49 g.mol−1 
Calc.[%]   C 38.91, H 2.51, N 6.98 
Found [%]   C 38.95, H 2.37, N 7.01 
ESI-MS (MeOH) m/z = 677 [UO2(L6) − H]+, 740 [UO2(L6)(NO3)]+, 
         1085 [UO2(L6)2 − H]+ 
1H-NMR (500 MHz, DMSO-d6, 25 °C, TMS): δ [ppm] = 12.67 (s, 2H, OH…N), 9.12 (s, 
2H, CH=N), 7.64 (dd, J = 7.7 Hz, 2H, C6H4O), 7.50 (ddd, J = 5.4, 6.7 Hz, 4H, 
C6H4OC6H4), 7.43 (t, J = 7.9 Hz, 2H, C6H4O), 7.13 (ddd, J = 11.9, 8.2, 7.5 Hz, 4H, 
C6H4OC6H4), 6.98 (m, 4H, C6H4O) 
 
[UO2(L7)(NO3)2]n (16)  
Yield 24 mg, 65% 
C27H22N4O10U    800.51 g.mol−1 
Calc.[%]   C 40.51, H 2.77, N 7.00 
Found [%]   C 40.86, H 2.99, N 6.68 
ESI-MS (MeOH) m/z = 675 [UO2(L7) − H]+, 738 [UO2(L7)(NO3)]+, 
         1081 [UO2(L7)2 − H]+ 
1H-NMR (500 MHz, DMSO-d6, 25 °C, TMS): δ [ppm] = 12.73 (s, 2H, OH…N), 9.11 (s, 
2H, CH=N), 7.62 (dd, J = 8.7 Hz, 2H, C6H4O), 7.35 (m, 10H, C6H4O, C6H4OC6H4), 6.96 
(m, 4H, C6H4O), 4.00 (s, 2H, CH2) 
 
[UO2(L8)(NO3)2] (17)  
Yield 30 mg, 89% 
C22H20N4O10U   738.44 g.mol−1 
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Calc.[%]   C 35.78, H 2.73, N 7.59 
Found [%]   C 35.38, H 3.00, N 7.50 
ESI-MS (MeOH) m/z = 613 [UO2(L8) − H]+, 676 [UO2(L8)(NO3)]+,  
          771 [UO2(L8)(NO3)2 + MeOH + H]+,  
          957 [UO2(L8)2 − H]+ 
UV/Vis (MeOH) 324 (ε = 17000), 357 (ε = 18600) nm 
1H-NMR (500 MHz, DMSO-d6, 25 °C, TMS): δ [ppm] = 13.01 (s, 2H, OH…N), 8.83 (s, 
2H, CH=N), 7.48 (dd, J = 7.6 Hz, 2H, C6H4), 7.39 (t, J = 7.6, 7.5 Hz, 1H, C6H4), 7.35 (s, 
1H, C6H4), 7.33 and 6.91 (t, J = 11.2, 7.5 Hz, 4H, C6H4O), 7.28 (d, J = 7.7 Hz, 2H, 
C6H4O), 6.87 (d, J = 8.3 Hz, 2H, C6H4O), 4.82 (s, 2H, CH2) 
 
[UO2(L10)(NO3)2] (18)  
Yield 36 mg, 94% 
C30H24N4O10U    838.56 g.mol−1 
Calc.[%]   C 42.97, H 2.88, N 6.68 
Found [%]   C 42.52, H 2.98, N 6.97 
ESI-MS (MeOH) m/z = 713 [UO2(L10) − H]+, 838 [UO2(L10)(NO3)2 − 
H]−, 1157 [UO2(L10)2 − H]+ 
UV/Vis (MeOH) 310 (ε = 13200), 334 (ε = 13200), 398 (ε = 14800), 
420 (ε = 12000) nm 
1H-NMR (500 MHz, DMSO-d6, 25 °C, TMS): δ [ppm] = 13.99 (s, 2H, OH…N), 9.39 (d, J 
= 14.9 Hz, 2H, CH=N), 8.15 (dd, J = 11.5, 12 Hz, 2H, C6H4), 7.82 and 7.70 (d, J = 9.6, 
7.3 Hz, 4H, C10H6O), 7.40−7.48 (m, 4H, C6H4, C10H6O), 7.38 (d, J = 8.6 Hz, 2H, 
C10H6O), 7.25 (t, 2H, C10H6O), 6.81 (d, J = 7.3 Hz, 2H, C10H6O), 4.94 (d, J = 9.7 Hz, 4H, 
CH2) 
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[UO2(L12)(NO3)2] (19)  
Yield 26 mg, 76% 
C22H26N4O10U    744.49 g.mol−1 
Calc.[%]   C 35.49, H 3.52, N 7.53 
Found [%]   C 35.05, H 3.63, N 7.57 
ESI-MS (MeOH) m/z = 619 [UO2(L12) − H]+, 679 [UO2(L12)(NO3)]+, 
970 [UO2(L12)2 − H]+ 
UV/Vis (MeOH) 322 (ε = 4000), 376 (ε = 5200) nm 
1H-NMR (500 MHz, DMSO-d6, 25 °C, TMS): δ [ppm] = 13.12 (s, 2H, OH…N), 8.63 (d, J 
= 8.7, 2H, CH=N), 7.43 (dd, J = 6.7, 6.6 Hz, 2H, C6H4O), 7.26 (ddd, J = 3.3, 7.8, 5.2 Hz, 
2H, C6H4O), 6.85 (m, 4H, C6H4O), 3.52 (d, J = 9.7, Hz, 4H, CH2), 3.45 (m, 2H, C6H10), 
0.9 and 1.7 (m, 8H, C6H10) 
 
[UO2(L13)(NO3)2] (20)  
Yield 35 mg, 90% 
C30H30N4O10U    844.61 g.mol−1 
Calc.[%]   C 42.66, H 3.58, N 6.63 
Found [%]   C 42.67, H 3.76, N 6.60 
ESI-MS (MeOH) m/z = 719 [UO2(L13) − H]+, 782 [UO2(L13)(NO3)]+, 
1170 [UO2(L13)2 − H]+ 
UV/Vis (MeOH) 338 (ε = 15400), 395 (ε = 13600), 418 (ε = 10600) nm 
1H-NMR (500 MHz, DMSO-d6, 25 °C, TMS): δ [ppm] = 13.73 (s, 2H, OH…N), 9.25 (t, J 
= 10.5 Hz, 2H, C10H6O), 8.06 (dd, J = 7.6 Hz, 2H, C10H6O), 7.68 (dd, J = 4.9 Hz, 2H, 
C10H6O), 7.58 (d, J = 7.7, 2H, CH=N), 7.40 (t, J = 6.9 Hz, 2H, H C10H6O), 7.17 (t, J = 
7.2 Hz, 4H, C6H10), 6.71 (dd, J = 5.9 Hz, 2H, C10H6O), 3.62 (d, J = 8.1 Hz, 4H, CH2), 
3.52 (m, 2H, C6H10), 1.8 (m, 2H, C6H10), 1.75 (m, 4H, C6H10), 0.95 (m, 2H, C6H10) 
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[UO2(L21)(NO3)2] (21) 
Uranium(VI) nitrate hexahydrate (50.0 mg, 0.1 mmol) and L21 (49.9 mg, 0.1 mmol) in a 
mixture acetonitrile-methanol (1:1, 10mL) were refluxed for 6 hours, after which a 
brown-orange solution was formed. No precipitate or crystals were formed with slow 
diffusion of diethylether into the resulting solution. 
ESI-MS (MeOH) m/z =  833 [UO2(L21)(NO3)]+, 864 [UO2(L21)(NO3) + 
MeOH]+ 
 
[UO2(L22)(NO3)2] (22) 
Uranium(VI) nitrate hexahydrate (50.0 mg, 0.1 mmol) and L22 (49.9 mg, 0.1 mmol) in a 
mixture acetonitrile-methanol (1:1, 10mL) were refluxed for 6 hours, after which a 
brown-orange solution was formed. No precipitate or crystals were formed with slow 
diffusion of diethylether into the resulting solution. 
ESI-MS (MeOH) m/z =  865 [UO2(L22)(NO3) + MeOH]+ 
 
 
[Eu(L21)(NO3)3] (23) 
Europium(III) nitrate pentahydrate (17.1 mg, 0.04 mmol) in acetonitrile (1 ml) was 
layered on the top of a dichloromethane solution (1 ml) containing ligand L21 (20.0 mg, 
0.04 mmol). Light-yellow precipitate was formed by slow diffusion of diethylether into 
the resulting solution after 1 week, collected and dried under vacuum. Elemental analysis 
indicated the stoichiometric formula of [Eu(L21)(NO3)3]·H2O. 
 
Yield 30 mg, 88% 
C32H34EuN9O10     856.63 g.mol−1 
Calc.[%]   C 44.87, H 4.00, N 14.72 
Found [%]   C 44.48, H 3.38, N 14.77 
ESI-MS (MeOH) m/z = 777 [Eu(L21)(NO3)2]+,  
          840 [Eu(L21)(NO3)3 + H]+ 
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[Nd(L21)(NO3)3] (24) 
Neodynium(III) nitrate monohydrate (13.9 mg, 0.04 mmol) in acetonitrile (1 ml) was 
layered on the top of a dichloromethane solution (1 ml) containing ligand L21 (20.0 mg, 
0.04 mmol). Yellow precipitate was formed by slow diffusion of diethylether into the 
resulting solution after 1 week, collected and dried under vacuum.  
Yield 21 mg, 63% 
C32H32 N9NdO9     830.89 g.mol−1 
Calc.[%]   C 46.26, H 3.88, N 15.17 
Found [%]   C 45.78, H 3.47, N 14.85 
ESI-MS (MeOH) m/z = 766 [Nd(L21)(NO3)2]+,  
          829 [Nd(L21)(NO3)3 + H]+ 
 
[Eu(L23)(NO3)3] (25) 
Europium(III) nitrate pentahydrate (12.7 mg, 0.03 mmol) and L23 (20.0 mg, 0.03 mmol) 
in acetonitrile (2mL) were stirred at room temperature for 30 minutes. The resulting 
white solution was left one week undisturbed at room temperature. During this time the 
evaporation of the solvent induce the formation of white crystalline product of the title 
compound which was collected and dried under vacuum. Elemental analysis indicated the 
stoichiometric formula of [Eu(L23)(NO3)3]·H2O. 
Yield 23 mg, 75% 
C39H38EuN15O10     1028.78 g.mol−1 
Calc.[%]   C 45.53, H 3.72, N 20.42 
Found [%]   C 45.18, H 2.75, N 19.82 
ESI-MS (MeOH) m/z = 780 [Eu(L23)2NO3]2+, 949 [Eu(L23)(NO3)2]+ 
 
 
  Experimental 
 
 
  
191
[Yb(L23)(NO3)3] (26) 
Ytterbium(III) nitrate tetrahydrate (12.8 mg, 0.03 mmol) and L23 (20.0 mg, 0.03 mmol) in 
acetonitrile (2mL) were stirred at room temperature for 30 minutes. The resulting white 
solution was left one week undisturbed at room temperature. During this time the 
evaporation of the solvent induce the formation of white crystalline product of the title 
compound which was collected and dried under vacuum. Elemental analysis indicated the 
stoichiometric formula of [Yb(L23)(NO3)3]. 
 
Yield 20 mg, 75% 
C39H36N15O10Yb    1031.84 g.mol−1 
Calc.[%]   C 45.50, H 3.52, N 20.36 
Found [%]   C 44.97, H 2.89, N 20.04  
ESI-MS (MeOH) m/z = 970 [Yb(L23)(NO3)2]+ 
6.4 DFT calculation 
Density functional theory (DFT) calculations were carried out to optimize the structure of 
uranyl complexes in solvent, as well as to compare the stability of their isomeric 
complexes. Geometry optimization and Gibbs energy calculations were performed in 
solvent at the B3LYP level using CPCM [178] with UAHF radii [179] on the program 
package Gaussian 03[180]. Small core effective core potentials (ECPs) were used on U, 
O, C, and N atoms with the corresponding basis sets [181]. For hydrogen we used the 5s 
functions contracted to 3s [182]. 
6.5 Liquid –liquid extraction 
The liquid–liquid extraction experiments were performed at 23 ± 1 °C in microcentrifuge 
tubes (2 ml) with a phase ratio V(org):V(aq) of 1:1 (0.5 ml each). The aqueous phase 
contained Eu(NO3)3 or UO2(NO3)2 (1 x 10−4 M), sodium nitrate (5 x 10−3 M) as 
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supporting anion and the zwitterionic buffer systems, MES/NaNO3 (pH 5.4), 
HEPES/HNO3 (pH 5.2), or  HEPES/NaOH (pH 7.2); As a precaution, the pH of the 
aqueous phase was monitored before and after each experiment with the aid of an 
InLab423 pH electrode. The organic phase contained a known concentration of ligand in 
chloroform (1 x 10−2 M). All experiments involved the mechanical shaking of the two-
phase system for 60 min (T = 23 ± 1 °C) by which time equilibrium was reached (as 
established by preliminary experiments). At the end of this time, the phases were 
separated, centrifuged and the determination of the Eu(III) ions concentration in both 
phases was carried out radiometrically by γ-radiation of 152Eu with NaI(Tl)-scintillation 
counter (Cobra II/Canberra-Packard) while that of U(VI) ions in aqueous phase was 
measured using an ICP-MS (ELAN 9000/Perkin Elmer) spectrometer. 
6.6 X-ray single crystal analyses 
The X-ray analyses were carried out at the Technical University of Dresden. X-ray 
diffraction data for 2-5 and 16 was collected on a Bruker-Nonius Kappa CCD with ω and 
φ scans at 198 K (2, 3), 150 K (4, 5) and 293 K (16). Data collections were undertaken 
with COLLECT [183], cell refinement with Dirax/lsq [184], and data reduction with 
EvalCCD [185]. Data for structures of L1, L4, L5, 1, 6-13, 15, 17 and 18 were collected in 
the temperature range 150-203 K with a Bruker AXS Kappa APEX II CCD 
diffractometer with Oxford Cryosystems coldhead attached. Data integration and 
reduction were undertaken with SAINT and APEX2 [186, 187] Each structure was solved 
by direct methods using SHELXS-97 [188]. The diffractometers employed graphite-
monochromated Mo-Kα radiation generated from a sealed tube (0.71073 Å). Multi-scan 
empirical absorption corrections were applied to all data sets using the program SADABS 
[189]. All structures were refined and extended with SHELXL-97 [190] In general, 
ordered non-hydrogen atoms with occupancies greater than 0.5 were refined 
anisotropically. Partial occupancy carbon, nitrogen and oxygen atoms were refined 
isotropically. Carbon-bound hydrogen atoms were included in idealised positions and 
refined using a riding model. Oxygen and nitrogenbound hydrogen atoms that were 
structurally evident in the difference Fouriermap were included and refined with bond 
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length and angle restraints. The structures were visualized carefully and analyzed using 
the program DIAMOND version 3.1 [191]. To evaluate the quality of structure model 
gives the R-value, which indicate the agreement of observed (Fo) and calculated (Fc) 
F-values. R1 is defined by:  
                                                    R1 = ∑
∑ −
||
||||||
o
co
F
FF
 
 
The weighted R-factor wR2 base on F2    
                                                 wR2 = ∑
∑ −
22
222
)(
)(
o
co
Fw
FFw
 
where the w-value is coming from 
w = 1/[ σ 2(Fo2) + (aP)2 + bP] with  
P = [(2 Fc2 + max (Fo2,0)]/3 
Another important factor to evaluating the quality of crystal structure refinement is 
Goodness-of-fit (GooF): 
                                   GooF  = S =  pn
FFw co
−
−∑ 222 )(  
where n is the number of reflections and p the total number of parameters refined. A right 
structure model normally requires the S value near to 1. 
Fo: observed structure factor 
Fc: calculated structure factor 
σ : standard deviation 
 
Crystal and structure refinement data for all structures are summarised in the 
crystallographic data section. 
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8  List of abbreviations 
AFM  atomic force microscopy 
ali  aliphatic 
arom  aromatic  
CD  circular dichroism spectroscopy 
CIC  combustion ion chromatography  
CPCM  conductor-like polarizable continuum model  
DFT  density functional theory  
DNA  deoxyribonucleic acid  
DMF  dimethylformamide 
DMSO  dimethylsulfoxide 
DTA   differential thermal analysis  
EA  elemental analysis 
ECP  effective core potential 
ESI-MS electrospray- mass spectroscopy  
F  figure of merite  
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
ICD   induced circular dichroism 
im  imine 
ICP-MS inductive coupled plasma mass spectroscopy 
ICP-OES inductive coupled plasma optical emission spectroscopy  
IR  infra red spectroscopy 
L  ligand 
MES   2-(N-morpholino)ethanesulfonic acid 
MLCT  metal to ligand charge transfert 
NMR  nuclear magnetic resonance 
RT  room temperature 
TG  thermogravimetric analysis 
TLC   thin layer chromatography 
Tris   tris(hydroxymethyl)aminomethane  
TRLFS time resolved laser fluorescence spectroscopy 
UV-vis ultra violet-visible spectroscopy 
Z  number of molecule per unit cell 
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9 Crystallographic data 
 
Bis[4-(2-pyridylmethyleneimino)phenyl]methane (L1)  
 
Molecular formula C25 H20 N4 
Molar mass 376.45 g.mol−1 
Crystal system Monoclinic 
Space group C2/c 
Cell dimensions a = 26.369(2) Å 
 b = 4.687(1) Å 
 c = 18.049(3) Å 
 α = 90.00°,  β = 122.22(2)°, γ = 90.00° 
Cell volume  1887.0(5) Å3 
Calc. density (ρ) 1.325 g cm-3 
Z 4 
F(000) 792 
Diffractometer Kappa CCD 
Crystal Size  0.25 x 0.09 x 0.05 mm 
Crystal colour light yellow 
Crystal Habit polyhedron 
Temperature   160(2) K 
λ(MoKα) 0.71073 
Absorption coefficient (μ) 0.080 mm-1 
2θ-range 3.7-58.4° 
Total data collected 67317 
Unique data  2563 (Rint = 0.118) 
Observed data (I >2σ(I)) 1027 
Data/ restraints/  parameters 2563/ 0/ 132 
Goodness of fit  0.662 
Final R indices [I>2σ(I)] R1 = 0.038, wR2 = 0.066 
R indices (all data) R1 = 0.107, wR2 = 0.073 
Residual electron density (max/min) 0.13 / −0.16 e- Å-3 
 
 
 
 
  Crystallographic data 
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Bis[4-(2-pyridylmethyleneimino)phenyl]amine(L4)  
 
 
Molecular formula C24 H19 N5 
Molar mass 377.44 g.mol−1 
Crystal system Monoclinic 
Space group P2(1)/c 
Cell dimensions a = 11.791(2) Å 
 b = 15.617(3) Å 
 c = 10.952(2) Å 
 α = 90.00°,  β = 101.03(3)°, γ = 90.00° 
Cell volume  1979.4(6) Å3 
Calc. density (ρ) 1.267 g cm-3 
Z 4 
F(000) 792 
Diffractometer Kappa CCD 
Crystal Size  0.18 x 0.18 x 0.05 mm 
Crystal colour yellow 
Crystal Habit polyhedron 
Temperature   153(2) K 
λ(MoKα) 0.71073 
Absorption coefficient (μ) 0.078 mm-1 
2θ-range 6.22-50.8° 
Total data collected 33338 
Unique data  3649 (Rint = 0.151) 
Observed data (I >2σ(I)) 2070 
Data/ restraints/  parameters 3649/ 0/ 262 
Goodness of fit  1.42 
Final R indices [I>2σ(I)] R1 = 0.075, wR2 = 0.090 
R indices (all data) R1 = 0.149, wR2 = 0.101 
Residual electron density (max/min) 0.186 / −0.225 e- Å-3 
 
 
 
 
 
 Crystallographic data 
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Bis[4-(2-pyridylmethyleneimino)phenyl]-1,1-cyclohexane (L5)  
 
 
Molecular formula C30 H28 N4 
Molar mass 444.56 g.mol−1 
Crystal system Triclinic 
Space group P-1 
Cell dimensions a = 8.3736(4) Å 
 b = 10.8890(5)Å 
 c = 14.2453(6) Å 
 α = 109.97(2)°,  β = 99.11(2)°, γ = 97.57(2)° 
Cell volume  1180.93(9) Å3 
Calc. density (ρ) 1.250 g cm-3 
Z 2 
F(000) 472 
Diffractometer Bruker APEX-II CCD 
Crystal Size  0.28 x 0.20 x 0.09 mm 
Crystal colour pale yellow 
Crystal Habit polyhedron 
Temperature   173(2) K 
λ(MoKα) 0.71073 
Absorption coefficient (μ) 0.075 mm-1 
2θ-range 4.06-56.24° 
Total data collected 19556 
Unique data  5591 (Rint = 0.036) 
Observed data (I >2σ(I)) 3860 
Data/ restraints/  parameters 5591/ 0/ 308 
Goodness of fit  1.308 
Final R indices [I>2σ(I)] R1 = 0.049, wR2 = 0.115 
R indices (all data) R1 = 0.078, wR2 = 0.127 
Residual electron density (max/min) 0.331 / −0.215 e- Å-3 
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Complex {[Ag(L1)](ClO4).CH3CN}n (1)  
 
 
Molecular formula C27H23AgClN5O4 
Molar mass 624.82 g.mol−1 
Crystal system Monoclinic 
Space group P21 
Cell dimensions a = 12.065(1) Å 
 b = 7.984(1) Å 
 c = 14.182(1) Å 
 α = 90.00°,  β = 103.96(1)°, γ = 90.00° 
Cell volume  1325.9(1) Å3 
Calc. density (ρ) 1.565 g cm-3 
Z 2 
F(000) 632 
Diffractometer Bruker APEX-II CCD 
Crystal Size  0.50 x 0.08 x 0.04 mm 
Crystal colour yellow 
Crystal Habit needle 
Temperature   200(2) K 
λ(MoKα) 0.71073 
Absorption coefficient (μ) 0.904 mm-1 
2θ-range 5.9-60.24° 
Total data collected 12321 
Unique data  6922 (Rint = 0.023) 
Observed data (I >2σ(I)) 6125 
Data/ restraints/  parameters 6922/ 1/ 344 
Goodness of fit  1.144 
Final R indices [I>2σ(I)] R1 = 0.036, wR2 = 0.086 
R indices (all data) R1 = 0.043, wR2 = 0.089 
Residual electron density (max/min) 0.79 / −0.40 e- Å-3 
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Complex {[Ag(L2)]ClO4.CH2Cl2}n (2) 
 
 
Molecular formula C25H20AgCl3N4O5 
Molar mass 670.67 g.mol−1 
Crystal system Orthorhombic  
Space group Pbca 
Cell dimensions a = 15.347(7) Å 
 b = 14.820(5) Å 
 c = 23.269(2) Å 
 α = 90.00°,  β = 90.00°, γ = 90.00° 
Cell volume  5292(3) Å3 
Calc. density (ρ) 1.683 g cm-3 
Z 8 
F(000) 2688 
Diffractometer Kappa CCD 
Crystal Size  0.25 x 0.10 x 0.10 mm 
Crystal colour pale yellow 
Crystal Habit needle 
Temperature   198(2) K 
λ(MoKα) 0.71073 
Absorption coefficient (μ) 1.109 mm-1 
2θ-range 6.24-50.80° 
Total data collected 68399 
Unique data  4858 (Rint = 0.061) 
Observed data (I >2σ(I)) 3544 
Data/ restraints/  parameters 4858/ 4/ 344 
Goodness of fit  1.071 
Final R indices [I>2σ(I)] R1 = 0.044, wR2 = 0.086 
R indices (all data) R1 = 0.073, wR2 = 0.098 
Residual electron density (max/min) 0.61 / −0.71 e- Å-3 
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Complex [Ag2(L2)2](ClO4)2 (3)  
 
 
Molecular formula C48H36Ag2Cl2N8O10 
Molar mass 1171.49 g.mol−1 
Crystal system Triclinic 
Space group P–1 
Cell dimensions a = 9.748(2) Å 
 b = 10.58(1) Å 
 c = 12.722(3) Å 
 α = 85.28(1)°,  β = 75.77(2)°, γ = 85.55(1)° 
Cell volume  1266.0(4) Å3 
Calc. density (ρ) 1.537 g cm-3 
Z 1 
F(000) 588 
Diffractometer Kappa CCD 
Crystal Size  0.30 x 0.24 x 0.14 mm 
Crystal colour Yellow-green 
Crystal Habit needle 
Temperature   198(2) K 
λ(MoKα) 0.71073 
Absorption coefficient (μ) 0.943 mm-1 
2θ-range 6.04-56.00° 
Total data collected 48675 
Unique data  6045 (Rint = 0.07) 
Observed data (I >2σ(I)) 4221 
Data/ restraints/  parameters 6045/ 94/ 326 
Goodness of fit  1.036 
Final R indices [I>2σ(I)] R1 = 0.058, wR2 = 0.138 
R indices (all data) R1 = 0.092, wR2 = 0.153 
Residual electron density (max/min) 1.34 / −0.58 e- Å-3 
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Complex [CuL1(SO4)]6 · 24H2O (4)  
 
 
Molecular formula C150H168Cu6N24O48S6 
Molar mass 3648.68 g.mol−1 
Crystal system Trigonal 
Space group R–3 
Cell dimensions a = 23.6595(2) Å 
 b = 23.6595(2) Å 
 c = 25.3773(4) Å 
 α = 90.00°,  β = 90.00°, γ = 120.00° 
Cell volume  12302.3(2) Å3 
Calc. density (ρ) 1.43 g cm-3 
Z 3 
F(000) 5670 
Diffractometer Kappa CCD 
Crystal Size  0.25 x 0.15 x 0.15 mm 
Crystal colour green 
Crystal Habit block 
Temperature   150(2) K 
λ(MoKα) 0.71073 
Absorption coefficient (μ) 0.93 mm-1 
2θ-range 2.56-62.00° 
Total data collected 71838 
Unique data  8702 (Rint = 0.070) 
Observed data (I >2σ(I)) 4845 
Data/ restraints/  parameters 8702/ 0/ 352 
Goodness of fit  0.967 
Final R indices [I>2σ(I)] R1 = 0.050, wR2 = 0.138 
R indices (all data) R1 = 0.108, wR2 = 0.163 
Residual electron density (max/min) 0.91 / –0.52 e- Å-3 
 
 
 
 
 
  Crystallographic data 
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Complex [CuL2(SO4)]6 · 24H2O (5) 
 
 
Molecular formula C144H156Cu6N24O54S6 
Molar mass 3660.53 g.mol−1 
Crystal system Trigonal 
Space group R–3 
Cell dimensions a = 23.4688(3) Å 
 b = 23.4688(3) Å 
 c = 25.3619(5) Å 
 α = 90.00°,  β = 90.00°, γ = 120.00° 
Cell volume  12097.5(3) Å3 
Calc. density (ρ) 1.49 g cm-3 
Z 3 
F(000) 5670 
Diffractometer Kappa CCD 
Crystal Size  0.40 x 0.20 x 0.20 mm 
Crystal colour dark green 
Crystal Habit needle 
Temperature   150(2) K 
λ(MoKα) 0.71073 
Absorption coefficient (μ) 0.95 mm-1 
2θ-range 3.48-63.10° 
Total data collected 55153 
Unique data  8975 (Rint = 0.052) 
Observed data (I >2σ(I)) 6296 
Data/ restraints/  parameters 8975/ 0/ 355 
Goodness of fit  1.080 
Final R indices [I>2σ(I)] R1 = 0.048, wR2 = 0.143 
R indices (all data) R1 = 0.073, wR2 = 0.153 
Residual electron density (max/min) 0.89 / –0.55 e- Å-3 
 
 
 
 
 
 Crystallographic data 
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Complex [CuL3(SO4)]6 · 24H2O (6)  
 
 
Molecular formula C144H156Cu6N24O48S12 
Molar mass 3756.89 g.mol−1 
Crystal system Trigonal 
Space group R–3 
Cell dimensions a = 23.7647(6) Å 
 b = 23.7647(6) Å 
 c = 25.3824(8) Å 
 α = 90.00°,  β = 90.00°, γ = 120.00° 
Cell volume  12414.5(6) Å3 
Calc. density (ρ) 1.51 g cm-3 
Z 3 
F(000) 5814 
Diffractometer Bruker APEX-II CCD 
Crystal Size  0.10 x 0.05 x 0.02 mm 
Crystal colour dark brown  
Crystal Habit needle 
Temperature   173(2) K 
λ(MoKα) 0.71073 
Absorption coefficient (μ) 1.00 mm-1 
2θ-range 5.10-55.00° 
Total data collected 45135 
Unique data  6315 (Rint = 0.045) 
Observed data (I >2σ(I)) 4533 
Data/ restraints/  parameters 6315/ 0/ 353 
Goodness of fit  1.086 
Final R indices [I>2σ(I)] R1 = 0.054, wR2 = 0.138 
R indices (all data) R1 = 0.084, wR2 = 0.158 
Residual electron density (max/min) 1.09 / –0.62 e- Å-3 
 
 
 
 
 
 
 
  Crystallographic data 
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Complex [Cu6(L2)3.6(L3)2.4(SO4)6] · 22.5H2O (7)  
 
 
Molecular formula C144H132Cu6N24O50.1S8.4 
Molar mass 3672.11 g.mol−1 
Crystal system Trigonal 
Space group R–3 
Cell dimensions a = 23.3536(9) Å 
 b = 23.3536(9) Å 
 c = 25.5051(7) Å 
 α = 90.00°,  β = 90.00°, γ = 120.00° 
Cell volume  12046.6(7) Å3 
Calc. density (ρ) 1.483 g cm-3 
Z 3 
F(000) 5508 
Diffractometer Bruker APEX-II CCD 
Crystal Size  0.19 x 0.06 x 0.02 mm 
Crystal colour rod  
Crystal Habit green brown 
Temperature   173(2) K 
λ(MoKα) 0.71073 
Absorption coefficient (μ) 0.977 mm-1 
2θ-range 4.34-50.00° 
Total data collected 23340 
Unique data  4708 (Rint = 0.038) 
Observed data (I >2σ(I)) 3576 
Data/ restraints/  parameters 4708/ 0/ 348 
Goodness of fit  1.093 
Final R indices [I>2σ(I)] R1 = 0.051, wR2 = 0.130 
R indices (all data) R1 = 0.072, wR2 = 0.146 
Residual electron density (max/min) 0.91 / –0.40 e- Å-3 
 
 
 
 
 
 
 Crystallographic data 
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Complex [Hg2(L2)2(ClO4)3(H2O)2]ClO4 · CH3CN (8)  
 
 
Molecular formula C50H43Cl4Hg2N9O20 
Molar mass 1632.91 g.mol−1 
Crystal system Monoclinic  
Space group P21/c  
Cell dimensions a = 15.647(1) Å 
 b = 25.801(1) Å 
 c = 14.115(1) Å 
 α = 90.00°,  β = 106.39(2)°, γ = 90.00° 
Cell volume  5466.8(6) Å3 
Calc. density (ρ) 1.984 g cm-3 
Z 4 
F(000) 3176 
Diffractometer Bruker APEX-II CCD 
Crystal Size  0.30 x 0.21 x 0.03 mm 
Crystal colour yellowish-orange 
Crystal Habit platelet 
Temperature   150(2) K 
λ(MoKα) 0.71073 
Absorption coefficient (μ) 5.893 mm-1 
2θ-range 2.72-53.60° 
Total data collected 80874 
Unique data  11612 (Rint = 0.121) 
Observed data (I >2σ(I)) 8026 
Data/ restraints/  parameters 11612 / 0/ 758 
Goodness of fit  0.971 
Final R indices [I>2σ(I)] R1 = 0.037, wR2 = 0.073 
R indices (all data) R1 = 0.063, wR2 = 0.076 
Residual electron density (max/min) 1.42 / −2.35 e- Å-3 
 
 
 
 
 
 
  Crystallographic data 
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Complex [Mn2(L1)3](ClO4)4 (11)  
 
 
Molecular formula C75H60Cl4Mn2N12O16 
Molar mass 1637.03 g.mol−1 
Crystal system Monoclinic 
Space group C2/c 
Cell dimensions a = 26.2845(13) Å 
 b = 10.1267(7) Å 
 c = 26.9289(13) Å 
 α = 90.00°,  β = 92.688(4)°, γ = 90.00° 
Cell volume  7159.9(7) Å3 
Calc. density (ρ) 1.519 g cm-3 
Z 4 
F(000) 3360 
Diffractometer Bruker APEX-II CCD 
Crystal Size  0.48 x 0.26 x 0.14 mm 
Crystal colour orange 
Crystal Habit block 
Temperature   170(2) K 
λ(MoKα) 0.71073 
Absorption coefficient (μ) 0.581 mm-1 
2θ-range 3.02-53.52° 
Total data collected 26609 
Unique data  7572 (Rint = 0.101) 
Observed data (I >2σ(I)) 3264 
Data/ restraints/  parameters 7572 / 0/ 492 
Goodness of fit  0.875 
Final R indices [I>2σ(I)] R1 = 0.050, wR2 = 0.089 
R indices (all data) R1 = 0.118, wR2 = 0.096 
Residual electron density (max/min) 0.58 / −0.54 e- Å-3 
 
 
 
 
 
 
 Crystallographic data 
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Complex [Ni2(L2)3](NO3)4 · 2.5H2O (12)  
 
 
Molecular formula C72H59N16Ni2O17.5 
Molar mass 1545.72 g.mol−1 
Crystal system Monoclinic  
Space group P21/c  
Cell dimensions a = 19.791(3) Å 
 b = 17.748(2) Å 
 c = 20.561(3) Å 
 α = 90.00°,  β = 108.280(10)°, γ = 90.00° 
Cell volume  6857.4(16) Å3 
Calc. density (ρ) 1.489 g cm-3 
Z 8 
F(000) 3168 
Diffractometer Bruker APEX-II CCD 
Crystal Size  0.36 x 0.30 x 0.12 mm 
Crystal colour Orange-red 
Crystal Habit needle 
Temperature   173(2) K 
λ(MoKα) 0.71073 
Absorption coefficient (μ) 0.634 mm-1 
2θ-range 3.1-49.34° 
Total data collected 11557 
Unique data  11557 (Rint = 0.130) 
Observed data (I >2σ(I)) 3062 
Data/ restraints/  parameters 11557/ 6/ 941 
Goodness of fit  0.560 
Final R indices [I>2σ(I)] R1 = 0.049, wR2 = 0.081 
R indices (all data) R1 = 0.167, wR2 = 0.096 
Residual electron density (max/min) 0.63 / −0.55 e- Å-3 
 
 
 
  Crystallographic data 
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Complex [Ni2(L5)3](PF6)4 · 0.9H2O (13)  
 
 
Molecular formula C90H85.8F24N12Ni2O0.9P4 
Molar mass 2047.17 g.mol−1 
Crystal system Monoclinic  
Space group P21/c  
Cell dimensions a = 16.9404(12) Å 
 b = 22.2935(12) Å 
 c = 25.5257(19) Å 
 α = 90.00°,  β = 105.902(2)°, γ = 90.00° 
Cell volume  9271.1(11) Å3 
Calc. density (ρ) 1.466 g cm-3 
Z 4 
F(000) 4188 
Diffractometer Bruker APEX-II CCD 
Crystal Size  0.18 x 0.06 x 0.04 mm 
Crystal colour Orange-yellow 
Crystal Habit platelet 
Temperature   203(2) K 
λ(MoKα) 0.71073 
Absorption coefficient (μ) 0.577 mm-1 
2θ-range 3.18-36.40° 
Total data collected 31936 
Unique data  6571 (Rint = 0.134) 
Observed data (I >2σ(I)) 3942 
Data/ restraints/  parameters 6571/ 0/ 688 
Goodness of fit  0.891 
Final R indices [I>2σ(I)] R1 = 0.051, wR2 = 0.103 
R indices (all data) R1 = 0.096, wR2 = 0.116 
Residual electron density (max/min) 0.32 / −0.50 e- Å-3 
 
 
 
 Crystallographic data 
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Complex {[UO2(L6)(NO3)2]}n  (15)  
 
 
Molecular formula C26H20N4O11U 
Molar mass 802.5 g.mol−1 
Crystal system Monoclinic  
Space group C2/c(\a0\g)0s 
Cell dimensions a = 12.145(5) Å 
 b = 14.256(6) Å 
 c = 16.438(8) Å 
 α = 90.00°,  β = 107.23(1)°, γ = 90.00° 
Cell volume  2718(2) Å3 
Calc. density (ρ) 1.96 g cm-3 
Z 4 
F(000) 1536 
Diffractometer Bruker APEX-II CCD 
Crystal Size  0.10 x 0.04 x 0.03 mm 
Crystal colour orange red 
Crystal Habit rod 
Temperature   180(2) K 
λ(MoKα) 0.71073 
Absorption coefficient (μ) 6.04 mm-1 
2θ-range 3.44-51.76° 
Total data collected 24408 
Unique data  7903 (Rint = 0.077) 
Observed data (I >2σ(I)) 4346 
Data/ restraints/  parameters 7903/ 2/ 576 
Goodness of fit  1.42 
Final R indices [I>2σ(I)] R1 = 0.051, wR2 = 0.051 
R indices (all data) R1 = 0.113, wR2 = 0.057 
Residual electron density (max/min) 2.29 / −1.92 e- Å-3 
 
 
 
 
 
  Crystallographic data 
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Complex [UO2(L8)(NO3)2] (17)  
 
 
Molecular formula C22H20N4O10U 
Molar mass 738.45 g.mol−1 
Crystal system Triclinic 
Space group P–1 
Cell dimensions a = 9.4710(14) Å 
 b = 9.5100(11) Å 
 c = 15.251(2) Å 
 α = 72.170(9)°,  β = 89.361(15)°, γ = 70.700(10)° 
Cell volume  1228.0(3) Å3 
Calc. density (ρ) 1.997 g cm-3 
Z 2 
F(000) 704 
Diffractometer Kappa CCD 
Crystal Size  0.38 x 0.28 x 0.19 mm 
Crystal colour orange-red 
Crystal Habit polyhedron 
Temperature   293(2) K 
λ(MoKα) 0.71073 
Absorption coefficient (μ) 6.673 mm-1 
2θ-range 6.30-60.04° 
Total data collected 67317 
Unique data  7136 (Rint = 0.039) 
Observed data (I >2σ(I)) 6461 
Data/ restraints/  parameters 7136 / 0/ 334 
Goodness of fit  1.112 
Final R indices [I>2σ(I)] R1 = 0.021, wR2 = 0.047 
R indices (all data) R1 = 0.028, wR2 = 0.049 
Residual electron density (max/min) 1.32 / −1.22 e- Å-3 
 
 
 
 
 
 Crystallographic data 
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Complex [UO2(L10)(NO3)2] (18) 
 
 
Molecular formula C30H24N4O10U 
Molar mass 838.56 g.mol−1 
Crystal system Monoclinic 
Space group C2 / c 
Cell dimensions a = 31.190(6) Å 
 b = 11.082(2) Å 
 c = 17.951(4) Å 
 α = 90.00°,  β = 113.32(3)°, γ = 90.00° 
Cell volume  5698(2) Å3 
Calc. density (ρ) 1.955 g cm-3 
Z 8 
F(000) 3232 
Diffractometer Bruker APEX-II CCD 
Crystal Size  0.14 x 0.11 x 0.03 mm 
Crystal colour orange-red 
Crystal Habit polyhedron 
Temperature   160(2) K 
λ(MoKα) 0.71073 
Absorption coefficient (μ) 5.765 mm-1 
2θ-range 2.84-53.60° 
Total data collected 31794 
Unique data  6059 (Rint = 0.075) 
Observed data (I >2σ(I)) 4212 
Data/ restraints/  parameters 6059 / 0/ 406 
Goodness of fit  0.802 
Final R indices [I>2σ(I)] R1 = 0.027, wR2 = 0.045 
R indices (all data) R1 = 0.052, wR2 = 0.048 
Residual electron density (max/min) 0.79 / −0.83 e- Å-3 
 
 
 
 
 
  Crystallographic data 
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Complex [UO2(L13)(NO3)2] (20) 
 
 
Molecular formula C30H30N4O10U 
Molar mass 844.61 g.mol−1 
Crystal system Triclinic 
Space group P–1 
Cell dimensions a = 11.107(1) Å 
 b = 11.424(3) Å 
 c = 13.060(2) Å 
 α = 112.12(2)°,  β = 90.06(1)°, γ = 101.07(1)° 
Cell volume  1501.7(5) Å3 
Calc. density (ρ) 1.859 g cm-3 
Z 2 
F(000) 812 
Diffractometer Bruker APEX-II CCD 
Crystal Size  0.15 x 0.07 x 0.04 mm 
Crystal colour orange-red 
Crystal Habit polyhedron 
Temperature   198(2) K 
λ(MoKα) 0.71073 
Absorption coefficient (μ) 5.469 mm-1 
2θ-range 6.10-54.00° 
Total data collected 50574 
Unique data  6550 (Rint = 0.066) 
Observed data (I >2σ(I)) 5640 
Data/ restraints/  parameters 6550/ 0/ 406 
Goodness of fit  1.060 
Final R indices [I>2σ(I)] R1 = 0.032, wR2 = 0.060 
R indices (all data) R1 = 0.045, wR2 = 0.064 
Residual electron density (max/min) 1.18 / −1.06 e- Å-3 
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13 Scheme of ligand structures 
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